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PREFACE TO FOURTH EDITION 


Tus book was first published in rgor, and was then based 
on lectures delivered at the School of Economics in the five 
years following its foundation in 1895. Two further editions 
have been issued in which the text was revised without any 
important alteration, and an Appendix added dealing with the 
second approximation to the normal curve of error, and sub- 
sequently some pages of addenda were circulated. In the 
present edition Part I remains substantially as it was in Igor, 
except that Section III of Chapter III has been replaced by a 
new illustration, the chapter on Averages has been rearranged, 
a chapter on the measurement of dispersion takes the place of 
the former Chapter V, in Chapter IX the treatment of retail 
index-numbers has been reconsidered, and the second section 
of Chapter X has been recast. At the same time those parts 
of the text which were out of date have been replaced by more 
modern material and the whole has been revised, but with as 
little alteration of the original as possible, since a revised 
version may by too much attention to detail destroy the balance 
ofthe original. On the other hand, Part IT has been completely 
rewritten and considerably extended, both by the more detailed 
and extended treatment of theory and by the addition of a 
number of examples which illustrate the arithmetical use of 
the formule and show the scope of the application of the theory. 
For the convenience of those who possess the earlier edition, 
to whom the revised Part I contains little that is new, Part II 
is issued separately ; while for those whose mathematical know- 
ledge is too slight to allow them to follow the treatment in 
Part IT in its new form Part I is also issued separately.* But 
the two Parts together are essentially one book with a common 
index and with cross references from one to another. 

The whole book is intended to form a general introduction 
to the theory and practice of statistics for all persons whose 
business it is to handle them or to whom a general understand- 
ing both of the utility of statistical results and the limitations 


* The Parts are no longer issued separately.—April, 1926. 
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of statistical investigation is important. It is not in any way 
intended to be a compendium of facts, and the tables inserted 
are only to afford illustrations of method, nor does it contain 
any detailed account of published statistics; but it is hoped 
that a reader will find himself in a position to understand, and 
above all to appraise and criticise, tables and results published 
officially or otherwise relating to any of those very numerous 
subjects in which numerical knowledge of facts and their inter- 
relation is essential. No attempt is made to treat the history 
or bibliography of the subject; there are many books extant 
in English, French and German which devote considerable 
space to the historical development of the methods and practice 
of statistics, with bibliographical references ; it seemed better 
here to omit these aspects altogether than to give them a 
cursory treatment. With these limitations it is hoped that 
the treatment in Part I covers adequately the great part of the 
methods and technique necessary for ordinary statistical work 
so far as this can be done without the use of any but the most 
elementary mathematics. The chapter on Interpolation, 
indeed, uses symbols which at first sight may look formidable 
to the non-mathematician; but in fact the use of finite 
differences and of Newton’s formula of interpolation is quite 
simple and the arithmetic involved very easy, and the great 
part of the chapter should be readily intelligible to those who 
have a school training in graphic algebra. 

Part Il makes much greater demands both on preliminary 
training and on the power of following somewhat involved 
abstract reasoning. The actual knowledge postulated is that 
obtainable in a graduate course on the calculus, and the only 
theorems not generally included in such a course are proved 
(in an abbreviated form) in the Appendix. In the first edition 
an effort was made to obtain the principal results without the 
use of the Calculus; but as the subject has developed during 
the past twenty years, it has become necessary to abandon this 
attempt. The results that can be reached by algebra alone 
are no doubt important and useful, but there is so much of at 
least equal utility that can only be appreciated after more 
advanced mathematical study that a student will save time 
in the end by becoming familiar with the elements of the 
infinitesimal calculus before he commences the serious study of 
mathematical statistics. This opinion is confirmed by the very 
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loose reasoning often employed by writers who make too facile 
use of the standard deviation, of curves of frequency and 
especially of the coefficient of correlation. Very great care 
has been taken in Chapter VI, Part II, to show as exactly as 
possible the meaning of the measurement of correlation by this 
coefficient and its implications, and very much more might 
have been said before the subject was too thoroughly explored. 
No one should attempt to measure correlation till he has 
studied the theory closely and critically. 

Though the treatment in Part IT is intended to serve as a 
general introduction to mathematical statistics whatever the 
subject-matter to which they are applied and to include defini- 
tions and explanations of the terms and measurements in 
common use, so as to be of assistance to students in all branches 
of science that involve group measurements, yet the order of 
treatment and in particular the worked examples are chosen 
principally with reference to the problems that arise in socio- 
logical and economic investigations, many of the examples in 
fact being taken from researches I have personally made in 
which mathematical treatment was only introduced so far as 
the line of inquiry called for it. In consequence of this the 
reader who is familiar with the writings of Professor Karl 
Pearson, Mr. Elderton, Mr. Hardy, Mr. Yule and Dr. Green- 
wood will notice that little emphasis is laid on applications to 
biological] or to actuarial problems, while prominence is given 
to formule and to methods which have received less attention. 

It is unfortunately the case that a great deal of controversy 
has arisen with reference not only to the best methods of treat- 
ment, but also to the fundamental conceptions that underlie 
the application of the principles of mathematical probability to 
statistical observations. I cannot hope to have avoided con- 
troversial questions (for, indeed, if these were rigidly excluded 
there would be little left), but I have endeavoured to put in the 
foreground those methods and principles which command 
general acceptance and to omit those which are the subject of 
dispute and are unessential. In one respect, however, a definite 
course 1s followed which will not meet with universal approval ; 
in my opinion the standard deviation has only limited utility 
unless it is connected with a table of probability by which the 
chances of exceeding given multiples of this deviation can be 
calculated, and consequently I have emphasised the normality 
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of the distribution of averages and other functions arising from 
samples. In the same connection it is necessary to proceed 
from direct probability to so-called inverse probability, and 
here I have gone further than many writers. If we are judging 
a universe from a sample, we have not arrived at any definite 
result till we can make such a statement as “ the most probable 
average (or whatever may be the quantity in question) in the 
universe is A, and the chances that the average differs from A 
by d,, dg... are f,, fy. . .”; this involves a definite use of 
inverse probability and of a table of probability. A mere 
statement of the standard deviation tells us very little. 

It will be evident that there is little that is wholly original 
in the theorems or formule in this book, and that I am indebted 
especially to Professor Edgeworth, Professor Kar] Pearson, 
Dr. Sheppard, and to Mr. Yule again and again. I have hesi- 
tated, however, to attribute explicitly to these writers all that 
I owe to them, for the order of treatment followed has frequently 
made it necessary to modify and adjust their work in a way 
which would not always command their assent; but I have 
endeavoured to acknowledge the sources from which I have 
drawn and to give such references as will enable the reader to 
study the originals. 

Mr. J. P. Clatworthy (of University College, Reading), Mr. 
H. Curwen and Miss M. Hogg (of the School of Economics), 
and Mr. Menzler have rendered much assistance in correcting 
the proofs of Part II and in verifying parts of the arithmetic; 
and to the first-named I am much indebted for valuable 
criticism of the detail of the mathematical analysis. 

A. L. Bow.ey. 


Loudon School of Economics and Polstt:al Science. 
September 1920. 


NOTE TO FIFTH EDITION 


A CONSIDERABLE number of corrections, most of them of 
minor importance, have been made in the numerical work and 
in the algebraic print, for most of which I am indebted to 
careful students of the text. A note has been added on 
Pp. 433 to call attention to an important question which has 
recently been discussed, and a simplified form of the working 
on p. 429 is given at the end of the Appendix. Otherwise the 
text is unaltered. The Index has been revised and extended. 


Y ®f 
April ---< ” 
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PART I. 


GENERAL ELEMENTARY METHODS. 


CHAPTER I. 
SCOPE AND MEANING OF STATISTICS. 


VERY many definitions have been given of the word s/atts- 
tics, and each author who has written on the subject has 
assigned new limits to the field which should be  pesaitions of 
included in its scope. It will not be necessary  ‘ststic 
for the purpose of this book to discuss the merely verbal 
differences involved, but only to explain what is intended by 
its title, and to consider the limits of the science which it is 
proposed to investigate. It will be useful, however, to mention 
some possible definitions. 

Statistics may, for instance, be called the science of counting. 
Counting appears at first sight to be a very simple operation, 
which any one can perform or which can be done te science of 
automatically ; but, asa matter of fact, when we counting. 
come to large numbers, ¢.g., the population of the United King- 
dom, counting is by no means easy, or within the power of an 
individual ; limits of time and place alone prevent it being so 
carried out, and in no way can absolute accuracy be obtained 
when the numbers surpass certain limits. Great numbers are 
not counted correctly to a unit, they are estimated; and we 
might perhaps point to this as a division between 
arithmetic and statistics, that whereas arithmetic 
attains exactness, statistics deals with estimates, 
sometimes very accurate, and often sufficiently so for their 
purpose, but never mathematically exact. Statistics generally 
relate to numbers so great that their estimation is beyond the 
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power of an individual, and requires the co-operation of 
statistice 4.20 Organised body of workers. Though the 
as co-operative collection of numbers by several persons and 
counting; the mere addition of the results seem simply 
questions of arithmetic, yet in practice two difficulties soon 
occur. First, it is not easy to define the thing to be counted 
so explicitly that all the tellers shall admit and reject instances 
on the same principles; for such simple objects as the number 
of rooms or stories of a house, a person’s age, even an indi- 
vidual, give rise to such complex questions of definition that 
it is often impossible to tell from a short description of a 
category exactly what items are included in it. Secondly, 
numerical errors cannot be avoided when many workers are 
involved; for some among a large number of persons will be 
inaccurate, some unintelligent, some will not obtain complete 
information, and when their reports are compiled there will be 
occasional mistakes in copying and errors in tabulation. A 
total which is the result of the work of many hands will cer- 
tainly from one cause or another fall short of complete accuracy. 
But though all estimates of this nature are sometimes included 
under the term sfatistics, this definition at once is too wide, 
and also does not bring out the distinctive nature of statistical 
method. 
It is better, in fact, to define statistics a posteriort. In 
dealing with masses of figures, large numbers descriptive of 
Statisticsasa TOUPS, Series Of totals or averages relating to 
method. —_ different dates or places, it is found that special 
methods become necessary—methods which depend on par- 
ticular properties of large numbers, methods which are suitable 
for describing complex groups so that they can be easily com- 
prehended, methods for analysing the accuracy of statements, 
for measuring the significance of differences, for comparing one 
estimate with another. Those estimates to which these 
methods apply are within the scope of statistics; it is the 
study of these methods that is the object of this book. It is 
clear that, under our tentative definition, statistics is not 
Genecality ¢ Merely a branch of political economy, nor is it 
stattical ~=confined to any one science. A knowledge of 
Statistics is like a knowledge of foreign languages 
or of algebra: it may prove of use at any time under any 
circumstances. 
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It may be interesting to trace the connection of statistical 
method with various branches of knowledge. To begin with 
the physical sciences: there are two Points iN tts use in the 
which this method touches astronomy. The »yice sciences. 
method of least squares was introduced by an astronomer, 
anxious to choose the best of several slightly discrepant 
observations of the position of a star. In most physical 
observations several measurements are taken of the same 
quantity, and it is found that, however carefully they are 
made, they never absolutely agree; just as the averages 
obtained by different statisticians from the same series of 
sociological observations are generally not identical. From 
such a group of measurements it is necessary to deduce the 
most probable estimates; this is done by the application of 
the law of error, in the form of the method of least squares. 

The other point of resemblance of statistical to astronom- 
ical method is common also to geology and to most applied 
sciences. The course of scientific measurement progressive 
has generally been to take first arough observation ‘7: 
of a quantity, such as the distance of the sun, the thickness of 
a stratum, the atomic weight of an element, the specific gravity 
of a substance; then, as information accumulated, as the 
precision of instruments increased and methods were better 
adapted, to make the measurement gradually more and more 
accurate. It is important to appreciate this development, 
for in the present state of our knowledge, many statistical 
measurements cannot be made with precision for want of data, 
and a critic is inclined to say that for this reason preliminary 
estimates are valueless; but from the scientific point of view 
this criticism is wrong, for a faulty measurement made on 
logical principles is better than none, if limits can be assigned 
to its possible error, and may lead to others with progressive 
improvement. 

Passing by the general resemblance of statistical investi- 
gations to all scientific experiments, we may notice the use of 
statistics in biology. It was, perhaps, not recOg- sesustics and 
nised before the publication of Professor Karl ‘#. 
Pearson’s investigations,* that the whole doctrine of evolution 
and heredity rests in reality on a statistical basis. It is in 


* See The Grammar of Science, 1900, chap. x. seg., and the references 
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this direction that some of the most important new work in 
mathematical statistics is being done. It may be worth while 
to sketch very briefly the nature of the problem. Out of a 
great number of observations, say the measurements of the 
heights of a group of men, the type is found—an average, 
about which all the measurements are grouped according to 
some definite law. The problem is then to determine whether 
this type or the grouping about it changes, and in what way. 
The differences found in successive generations form the data 
on which arguments as to evolution and development are 
founded. The method applies equally to fossil remains, to 
zoological species, and to many other groups. If it is neg- 
lected, many valid arguments lose a great part of their force, 
and theories are founded on personal impressions of phenomena 
instead of on scientific measurement. The work done in this 
direction becomes of immediate use to the student of social 
questions. The average wage and the grouping about it and 
the change in these quantities present precisely similar prob- 
lems; the correlation between the effects of different factors 
are calculated by the same mathematical formule; in fact, 
these methods furnish the only accurate way of measuring 
numerical changes in complex groups. Much valuable infor- 
mation has been collected in anthropometrical laboratories, 
which has increased the statistician’s knowledge of facts and 
given birth to important theoretical principles. 
Meteorology has much in common with statistics. The 
chief measurements taken for the purposes of this science are 
Statistics and Of temperature, barometrical pressure, moisture 
meteorology. of the air, and force of the wind. One of the 
problems attacked is again that of finding the type from a 
group of observations, and of measuring its change. The 
tables which state the average temperature year by year are 
in many ways similar to those which the Registrar-General 
publishes of births, deaths, and marriages. Without the aid 
of statistical method, the averages obtained show mere numbers 
from which no logical deductions can be made. With the 
help of this knowledge, it can be seen whether the change from 
year to year is significant or accidental; whether the figures 
show a progressive or periodic change; whether they obey any 
Jaw or not. The problem is easily seen to be of importance for 
forecasting the future population and for many similar purposes. 
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We are thus brought by a short step to the province to 
which statistics has sometimes been confined: the study of 
demography. If in demography we include, not statistics and 
merely the measurement of the numbers of the ‘erp. 
population, the birth, marriage, and death rates, the dis- 
tribution by age, by sex, and by locality, in fact, the figures 
which naturally come from the census and the Registrar- 
General’s returns; but include also, industrial and social 
measurements, of distribution of the population by trade, of 
income, wages, prices, production, foreign trade, transport, 
and so forth; we have extended the limits of demography till 
it includes the majority of the statistical investigations directly 
interesting to students of sociology or of political economy. 
Without stopping to decide the exact limits of demography, 
we can quickly pass to another definition of statistics (so far 
as it concerns such students) on which it is wished to lay a 
certain stress : statistics 1s the sctence of the measurement of the 
social organism, regarded as a whole, tn all tts manifestations. 
In a monograph, after the fashion of Le Play,a ___ 

Single family is studied; the occupations and oe 
earnings of its members, the way these earnings “tam ss 
are spent, and its economic position generally are 

set down; but this study is not so far statistical. In demo- 
graphy we study the same quantities when groups of families 
are concerned; the number of families engaged in certain 
industries, and their average receipts, expenditure, and savings ; 
here we have statistics. In the monographic method the indi- 
vidualis everything ; in the statistical method, nothing. When 
we wish to obtain a measurement of the group, peculiarities 
of individuals receive no attention ; it 1s only when the same 
peculiarities are possessed by many persons that they become 
of importance. Statistics may nghtly be called the science of 
averages. In the measurement of a complex group, say of 
incomes and wages, the exceptional artiste who can earn {100 
in an evening, and the inefficient labourer who can only make 
sixpence a day, affect only slightly the general average; they 
are not entered in separate categories; but the large group of 
skilled artisans who earned before 1914 forty shillings a week, 
or of casual] labourers who made less than fifteen shillings, are 
entitled to separate notice. The exact specification to be 
adopted is only a question of degree, which differs with the 
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nature of the particular investigation in hand. The object of 
a statistical estimate of a complex group is to present an 
outline, to enable the mind to comprehend with a single effort 
the significance of the whole. To do this it is necessary to 
exclude rigorously any presentation of details, for the same 
reason that, in a painter’s rendering of a tree, the individual 
leaves are not distinguished. The outline will be a little 
blurred, a little inaccurate; but it will be as distinct and 
detailed as the mind has power to grasp it, or the eye to see 
it; the impression will be rightly given. There is a very 
important principle involved in this method. The individual 
members of a group vary continually, the whole group varies 
very slowly. It is impossible to follow or measure the motions 
of separate atoms; it is comparatively easy to state the laws of 
motion for a solid body. Great numbers and the averages 
resulting from them, such as we always obtain in measuring 
social phenomena, have great inertia. The total population, 
the total income, the birth and death rates, average wages, 
change very little; similar quantities relating to a single 
family change very fast. It is this constancy of great numbers 
that makes statistical measurement possible. It is to great 
numbers that statistical measurement chiefly applies. 
The relation of statistics to political economy is a simple 
one. Professor Marshall says,* “‘ Statistics are the straw out 
cee of which I, like every other economist, have to 
political © Make the bricks.’”’ The statistician furnishes the 
“men: political economist with the facts, by which he 
tests his theories or on which he bases them. Since the econo- 
mist deals chiefly with phenomena relating to groups, and 
regards the individual only as a member of a group, it is to 
statistics as the science of averages that he looks for his in- 
formation. When he is dealing with national economy, with 
the volume of trade, for instance, or the purchasing power of 
money, he is limited to pure theory, till statistics as the science 
of great numbers has provided the facts. The chemist experi- 
menting in his laboratory is like the statistician; the chemist 
theorising in his study is like the economist. Because of this 
relation it may be held to be the business of the statistician to 
collect, arrange, and describe, like a careful experimentist, but 
i 


* Evidence to the Committee on the Census, 1890, 
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to draw no deductions; even in an investigation relating to 
cause and effect, to present evidence but not conclusions. As 
a distinct operation, of course, the statistician may assume 
the rdle of the economist, for the same man may well be quali- 
fied to conduct the experiment and fit the theory. And just 
as a theoretical chemist will have little or no power unless he 
fully appreciates experimental methods and difficulties, even if 
he has not the manual dexterity to conduct them to perfection 
himself, so no student of political economy can pretend to 
complete equipment unless he is master of the methods of 
statistics, knows its difficulties, can see where accurate figures 
are possible, can criticise the statistical evidence, and has an 
almost instinctive perception of the reliance that he may 
place on the estimates given him. 

The proper function, indeed, of statistics is to enlarge indi- 
vidual experience. An individual is limited to what he can 
himself see, a very small part of one division of paige 
the social organism ; his knowledge is extended in _ individual 
various ways, by the conversation of his acquaint- 
ance, by newspaper reports, by the writings of experts. Accord- 
ing to his ability and power of judgment, he will be able to 
form a correct view of the numerical importance of groups of 
persons and things ; but it is in the highest degree improbable 
that he will not have been biassed by the peculiarities of his 
position, and that he will place his different items of informa- 
tion in the right perspective; and he will not be able to gauge 
rightly the accuracy of his data. As soon as he begins to 
examine these points he is undertaking a statistical investiga- 
tion, and will very soon find himself involved in all the diffi- 
culties and problems from which a knowledge of statistical 
method alone can disentangle him. This is the obvious 
answer to those who deny the use of statistics. A statistical 
estimate may be good or bad, accurate or the reverse; but in 
almost all cases it is likely to be more accurate than a casual 
observer's impression, and in the nature of things can only 
be disproved by statistical methods. 

A chief practical use of statistics is to show relative impor- 
tance, the very thing which an individual is likely to misjudge. 
Statistics are almost always comparative. The  setiticsere 
absolute magnitude of a quantity is of little ‘mest. 
meaning to us till we have some similar quantity with which 
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to compare it. A statement of the number of paupers in the 
United Kingdom is valueless unless we know the total popu- 
lation. Astatement of the number of gallons of water supplied 
per head to the people of East London is of little meaning to 
us till we know the quantity supplied to other towns. The 
average wage, shown in the Wage Census, does not convey its 
full significance till we have similar computations for other 
countries or relating to other years. In the case of most 
statistical estimates, it will be found that we need another for 
comparison before we can appreciate the meaning of the first. 
If the group of objects which we wish to measure is large, 

its enumeration will be beyond our unassisted efforts, or those 
omiaa Of any organisation at our command. Some 
statistics: += investigations, indeed, have been successfully 
conducted by private organisations, for instance, those which 
resulted in Booth’s Life and Labour of the People, Leone Levi's 
Wages and Earnings, and Rowntree’s Poverty ; and the method 
of samples has also been used (e.g., in Livelihood and Poverty, 
by the present author and Burnett-Hurst) to reduce an inquiry 
to manageable dimensions; but in general the measurement 
of a part of the social body or industrial organism must be 
undertaken by the central or local governments, if it is to be 
successfully carried out. The fact that this is the case explains 
the heterogeneity and the imperfection of the mass of statistics 
extant. A government primarily collects numerical informa- 
tion only in relation to its own functions. Thus the administra- 
tion must know the numbers of the population and the area of 
the country in gross and in detail for its own purposes. Large 
groups of figures come simply from the necessity of public 
account-keeping. Many official figures are bye-products; 
for office purposes an account is kept of all transactions in 
which the government has a hand, and of industries subject 
to special regulations; and the government publishes most 
of the figures which thus come in its way. To such causes 
have been due our knowledge of the statistics of income, 
education, imports, railways, mines, factories, and so on. 
Though few figures are collected simply for scientific purposes, 
yet in many cases schedules issued for administrative ends are 
used at the same time for the reception of other information, 
of use chiefly to the sociological student; much of the Census 
information comes under this heading. A view of those 
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figures, relating to the United Kingdom, which are easily 
accessible to the student, can be obtained by turning through 
the annual Statistical Abstract for the United Kingdom, the 
Annual Abstract of Labour Statistics, and the Registrar-General's 
Annual Report; in one or other of these, summaries of, and 
references to, most official statistics are to be found. 

It is clear that figures collected simply in connection with 
administrative purposes are not likely to be precisely those 
which are needed by the student of sociology or their 
political economy. Even where the wants of the ‘eulesom 
official and the student are nearly identical, the classification 
and tabulation may not meet scientific requirements. There 
has, indeed, been considerable progress in recent years, in 
the direction of amassing statistical information not absolutely 
needed by the administration, and much of the work of the 
Labour Department of the Board of Trade (now merged in 
the Ministry of Labour) was of this kind; but very much more 
might reasonably be done, at an expense which would be almost 
negligible when considered in relation to the national income. 
Thus the census might be made, in part at least, quinquennial, 
and the body of workers, who are organised once in ten years 
to conduct it, only to be disbanded when the report is issued, 
might be made permanent and entrusted with the carrying out 
of other inquiries on a national scale. Market and retail 
prices of many staple commodities could be tabulated, ana- 
lysed and published. Movements of goods by rail could be 
tabulated in the same way as transport by water, and the 
anomaly that we know more of our foreign than of our home 
trade be removed. Records of home production need not be 
confined to agriculture, mining, and steel works, but extended 
on the lines of the Census of Production of 1907 till we know 
every year the output of the principal industries. Above all 
a central statistical office is needed which should co-ordinate 
all existing statistics and, working directly or through the 
appropriate Departments, aim at completing and perfecting 
a continuous statistical account of the nation. It needs very 
little study of statistics or of political economy —cextrai 
to feel the pressing need of more and better ‘tistics! eff. 
co-ordinated information; illustrations of the gaps in our 
knowledge are easily found. When dealing with our national 
income we can obtain statistics of wages, and of income subject 


I2 ELEMENTS OF STATISTICS 


to tax; but for salaries below the exemption limit, and for 
part of the income received from foreign investments, we are 
forced to rely on educated guesses. For the change of the 
purchasing power of money we know, thanks chiefly to the 
Economist and trade newspapers, the course of wholesale 
prices, but many interesting calculations are brought to a 
standstill because of the imperfection of the records of retail 
prices. With regard to wages, we can estimate fairly accur- 
ately standard and average wages, but, in default of an 
industrial census, do not know how many persons are in 
receipt of each given wage, nor the relative numbers of masters 
and men. Till there is a public demand for such information, 
it will need a very enlightened government to spare the time, 
trouble, and the relatively small sums of money necessary 
for a systematic attempt to fill up these gaps; but every one 
can do something towards this enlightenment, and in further- 
ance of this demand, by studying what has been done in other 
countries, and building up a knowledge of the science of 
statistical investigation. 

The absence of such a demand is perhaps due to a widely 
spread and not unreasonable distrust of statistical estimates, 

Distrust of  CryStallised in the common remark that “‘ any- 

statistics: = thing can be proved by statistics.” This is to a 
great extent the fault of the criticising public themselves: 
they are always requiring and the newspapers always supplying 
information, which depends on a statistical basis, but for 
which good statistics are not to be found for one or other of 
the reasons already indicated. The informant 
must perforce turn to inaccurate estimates, and 
the public has no knowledge or discrimination as to what 
estimates rest on satisfactory data, or indeed as to what 
quantities are capable of statistical evaluation. Again, figures 
which cover only part of the subject, such as the Wage Census 
average, or the Labour Gazette returns of unemployed, may be 
quoted as universal; mere estimates, made for quite other 
purposes, may be given as accurate and complete; and on 
such unreliable premises arguments are based, which naturally, 
by a judicious choice of material, can be made to support any 
theory at pleasure. It will generally be found that the statis- 
tician, on whose authority such statements are supposed to 
be based, is not to blame. Some of the common ways of 


its causes. 
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producing a false statistical argument are to quote figures 
without their context, omitting the cautions as to their incom- 
pleteness, or to apply them to a group of phenomena quite 
different to that to which they in reality relate; to take 
estimates referring to only part of a group as complete; to 
enumerate the events favourable to an argument, omitting 
the other side; and to argue hastily from effect to cause, this 
last error being the one most often fathered on to statistics, 
For all these elementary mistakes in logic, statistics is held 
responsible. 

Perhaps statisticians themselves have not always fully 
recognised the limitations of their work. At best they can 
measure only the numerical aspect of a phemo- imitations of 
menon; while very often they must be content ‘##« 
with measuring not the facts they wish, but some allied quan- 
tity. We wish to know, for instance, the extent of poverty, 
its increase or diminution: poverty we cannot define or 
measure, and we cannot even count the number of the poor; 
all we can do is to state the number of officially recognised 
paupers, and add perhaps some estimates from private sources ; 
but this gives us no clue to the intensity of poverty in indi- 
vidual cases. Or we wish to obtain statistics of health: but 
the principal measurements made are of the death-rate and 
average length of life, and the prevalence of some diseases, 
very different matters. The statistician’s contribution to a 
sociological problem is only one of objective measurement, 
and this is frequently among the less important of the data: 
it is as necessary, however, to its solution as accurate measure- 
ments are for the construction of a building. 


CHAPTER II. 


THE GENERAL METHOD OF STATISTICAL 
INVESTIGATION. 


At first sight it will seem as if there were no method common 
to all statistical investigations, and indeed the processes differ 
so widely that it is not easy to outline a scheme which will 
include them all; but the following sequence is generally 
indicated * as of general application, and will serve at least 
to thread an examination of methods together : (1) the Collec- 
tion of Material, (2) its Tabulation, (3) the Summary, and 
(4) a Critical Examination of its results. The first three 
processes will be discussed in detail in the following chapters. 

It may be well to state what equipment is necessary for the 
student who wishes to learn statistical methods. In collection 

- and tabulation common-sense is the chief requisite, 
knowiedge and experience the chief teacher; no more than 
eedice eXpertness in quite simple arithmetic is neces- 

sary for the actual processes ; but since, as we shall 
see immediately, all the parts of an investigation are inter- 
dependent, it is expedient to understand the whole before 
attempting to carry out a part. For summarising, it is well 
to have acquaintance with the various algebraic averages, and 
with enough geometry for the interpretation of simple curves, 
though all the operations can be performed without the use of 
algebraic symbols. For criticism of estimates and interpre- 
tation of results, it is necessary to use the formule of more 
advanced mathematics, and it is obviously expedient to under- 
stand the methods by which these formule are obtained to 
ensure their intelligent use. They are specially necessary for 
the comparison of complex groups, and for estimating the 
significance of a divergence from the average, or the deviations 
in a list of periodic figures, and quite essential in dealing with 
correlation. 


* See, ¢.g., Dr. Bertillon’s Cours dlémentaire de Statistique, to which the 
present author is indebted for some of the treatment in the following pages 
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(x) Information is generally collected by issuing blank 
circulars, forms of inquiry, to be filled in either by a few officials 
or by many individuals, and the proper drawing  cotectica: 
up of this form is one of the chief tasks in a good “sn forms; 
investigation. Before this form is issued it is necessary to 
formulate a complete scheme of the whole undertaking, and 
even to have some idea of what the resulting figures will be, so 
as to be able to arrange the details of the organisation on the 
right scale, and adjust the tools used to their purpose. As 
already pointed out, the object whose measurement is wanted 
is not in general exactly that which can be measured, and the 
measurable quantity nearest to it must be found; ¢.g., when 
the average annual earnings of the working class were in ques- 
tion, the quantity first measured was the average weekly wage. 
Then some technical knowledge of the particular subject is 
needed ; and, if not possessed, a preliminary inquiry on a small 
scale may be necessary to show how to fit means to ends. 
The people who possess the information required must be 
discovered and interrogated at first hand. The questions put 
must be those which will yield answers in a form ready for 
tabulation, and the scheme of tabulation must  astue of the 
therefore be thought out beforehand. The ques- ‘#tic= 
tions must be so clear that a misunderstanding is impossible, 
and so framed that the answers will be perfectly definite, such 
as a simple number, or “‘ yes ’’ or “no.”” They must be such as 
cannot give offence, or appear inquisitorial, or lead to partisan 
answers, or suppression of part of the facts. The mean must 
be found between asking more than will be readily answered 
and less than is wanted for the purpose in hand. The form 
must contain necessary instructions, making mistakes difficult, 
but must not be too complex. The exact degree of accuracy 
required, whether the answers are to be correct to shillings or 
pence, to months or days, must be decided. Every word and 
every square inch of space must be keenly criticised. A 
little trouble spent upon the form will save much inconvenience 
afterwards. 

(2) In considering what method is to be adopted for tabula- 
tion, we must remember that the investigation is intended to 
furnish the answers to certain definite questions— 
how many people, what wage, what price—and ae 
each column must present some total which is relevant to these 
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questions. The exact scheme employed will differ in different 
inquiries. In the population census, much of the tabulation is 
almost automatic; in the wage census, the best and simplest 
way to show the grouping about the average wage in each 
occupation had to be specially devised; in trade statistics the 
number of different categories to be adopted and the limits 
of each raise difficult questions. In general, the scheme of 
investigation requires knowledge of certain groups; and the 
totals resulting from tabulation should show the numbers of 
items in these, so that after tabulation, instead of the chaotic 
mass of infinitely varying items, we have a definite general 
outline of the whole group in question. 
(3) When the raw material is worked up to this point, skill 
of a different kind is wanted. From the numbers obtained, we 
Averagingant have to pick out the significant figures; so to 
summarisation. nresent the totals and averages as to give a 
true impression to an inquirer; to summarise briefly the 
information obtained; to concentrate the mass into a few 
significant averages, and to describe their exact meaning in 
the fewest and clearest words, for it is the result of this con- 
centration which will generally be used and quoted. To do 
this skilfully requires an acquaintance with the method of 
averages and the use of diagrams. It may further be necessary 
to fillin unavoidable gaps in the figures in order to supply esti- 
mates for intermediate years ; this needs a study of the danger- 
ous method of interpolation. Finally, a verbal description of 
the process, its genesis and results, and an estimate of its 
accuracy must be written, and then theinvestigation is complete. 
(4) The student who has to make use of statistics should not 
be content to take the results of an inquiry on authority, but 
Criticiem of «= OUght to acquaint himself with all these details of 
reeule. method. Before the results can be criticised, it 
is necessary to know the complete genesis of the figures; 
whether the whole field was covered; exactly whence the 
information tabulated was obtained; whether there was a 
possibility of bias; how nearly the individual answers were 
correct; whether the informants really knew the facts they 
related, and if they were likely to state them correctly. The 
published statement of the results should show clearly the 
whole scheme of collection so as to make this criticism possible; 
in particular, specimens of the origina] blank forms should be 
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included, so that the reader can judge whether the original 
answers lead definitely and exactly to the tabulated results. 
Internal evidence often leads to much useful criticism. It 
can be seen whether the number of returns for each group is 
proportional to its importance, or if a specially important 
figure depends on only slight evidence. The continuity of the 
figures can be examined, and the causes of sudden gaps in- 
vestigated. The returns can be divided into sample groups, 
and the extent of the correspondence of these groups with the 
general result will often indicate whether the returns are 
sufficiently general. A careful study of the more minute 
tabulations may show within what percentage the final numbers 
may be expected to be correct. A critica] examination of this 
kind will often show that the information obtained is insuff- 
cient to lead to precise results, and then attention should be 
directed to estimating the magnitude of the effect of omissions 
and inadequacy of data. 

A most important function of statistics is to produce 
evidence showing the relation of one group of phenomena to 
another; for the information obtained is presumably intended 
as a guide for action, the guidance is generally needed to show 
what actions are likely to produce certain desired effects, and 
this is best investigated by finding how such effects have been 
produced in the past. We have then to determine whether 
changes in one measurable quantity have produced changes 
in another; a problem very often insoluble, but one on which 
most light can be obtained by the study of the relevant statistics 
in the light of mathematics, the mathematics of probability, 
and it is in this particular branch of mathematics that recent 
statistical progress has been chiefly made. 

such questions, however important, are somewhat abstruse, 
and presuppose a certain amount of technical knowledge which 
is not in the possession of the general student. The plan of 
this book is to postpone alli questions requiring such technical 
or mathematical knowledge to the Second Part, and to confine 
our earlier discussions to problems needing no special training 
or equipment. 


c® 


CHAPTER III. 
DEFINITION OF UNIT. COLLECTION OF DATA. 


Preliminary. Definition of Unit. 


AtmosT the first question in the initiation of an investiga- 
tion is, What is to be counted ?, and nearly the last question 
when the tabulation is completed is, What has been counted ? 
The answer to the former gives the preliminary definition, 
that to the latter shows how it had to be modified in practice. 
The essential difficulties of definition come, first, from the 
need of interpreting conceptions conveyed or obscured by 
ordinary words into entities capable of enumeration, and, 
secondly, from determining the things that can actually be 
counted which are nearest to the entities of which knowledge 
isdesired. Thus we may be investigating overcrowding or loss 

Quesitaand Of work through unemployment. Overcrowding 
data. is expressed numerically in the relation between 
persons and room or air-space, and differs with the age and 
sex of the members of the household and the ventilation and 
light of the rooms. In practice, persons only can be counted 
(without detailed reference to their needs), and the number 
of rooms (a room being defined rather arbitrarily) or their 
cubic contents can be recorded. Loss of work is expressed 
numerically in the number of ordinary working days on which 
no paid work was done. In practice, those are counted as 
unemployed who satisfy certain formalities at trade union or 
Labour Exchange offices, such as signing a register at a par- 
ticular hour each day. The definition of ‘‘ number unem- 
ployed ’’ depends on the regulations relating to these registers, 
and among unemployed are included only those groups of 
persons who come within their scope. ‘‘ Overcrowded’”’ in 
the usage of the Census reports means that the number of 
persons enumerated in a tenement is more than twice the 
number of rooms in it, a room being defined so as to exclude 
bath-room, scullery, etc. 
It must be realised that the words descnbing statistical 
18 
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totals or averages, such as population, imports, tonnage of ships 
entered, average price, cost of living, occupied, wages, income, 
capital, are technical terms, whose significance is always more 
definite than that usual in conversation or writing, and may 
have some essential difference from that in common usage. 
These terms are capable of exact definitions, which can only 
be ascertained from the original reports in which the totals 
are obtained, and it often happens that these reports leave 
serious ambiguities unsettled. The sections that follow in 
this chapter illustrate the examination of the raw material 
of investigations with a view to ascertaining the exact meaning 
of the totals obtained. 

It is necessary in stating totals or averages to be as explicit 
as is possible without too much verbiage, and to give definitions 
which are too complex for a simple heading in  Expticitness in 
juxtaposition to the table which contains them. == 
Thus in coal production we should not speak of ‘ output per 
worker,” but of “‘ number of tons of coal brought to the sur- 
face in the week beginning January 25th, 1920, in the aggregate 
of the coal mines of Great Britain, divided by the average 
number of persons employed underground in that week,”’ or 
if this is too complex all these points should be clear from the 
context or sub-headings or foot-notes, and an explanation 
should explain how the average number of persons employed 
was computed. 

A percentage should never be given without a phrase 
showing on what it is measured. Thus if the price of some 
commodity was {80 at a previous date and is {100 now, the 
increase is 25 per cent. of ts earlier price and 20 per cent. 
of tts present price. If it now fell 25 per cent. of sts present price 
it would reach £75; but if it fell 25 per cent. of tts earlier price, 
it would return to £80. If wages are raised four times by 
10 per cent. of @ standard, starting at that standard, the wages 
are 100, II0, 120, 130, 140 per cent. of the standard; but 
the increases in each period measured as percentages of the 
wage at the beginning of that period are respectively 10, 9:1, 
8-3, 7°7 approximately. 

A useful way of ensuring explicitness in a complex defini- 
tion, of special importance in schemes of tabulation, can be 


illustrated as follows. In a table presented to acuvetecr 
the Income Tav Cammiscian we find tha enm chetecteistic. 
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£1,970,000,000 as the total of taxable income, explanations 
being given in introductory notes. The definition of this 
total may be exhibited thus :-— 


A. Income. 

B. Known to the tax commissioners. 

C. As defined by the laws and instructions for assessment. 

D. Less allowances for wear and tear, etc. 

E. Of persons and corporations in the United Kingdom 
and of non-residents so far as they are subject 
to tax. 

F. Assessed for the fiscal year 1918-19. 


Each of the six phrases expresses a characteristic or atirtbute 
possessed by every unit in the total, and the exact definition 
of these attributes leads to the definition of the total, and to 
the answer to the question ‘“‘ what has been counted ?”’ 

We should generally include as characteristics, the fact of 
record (B), a date (F) and a place (E). 


SECTION I.—IHE POPULATION CENSUS. 


The population census will provide good illustrations of the 
principles laid down in the last chapter, both because we shall 
be at first on familiar ground, since every one 
knows its scheme, purpose, and details, and because 
the form of inquiry used for the collection of the original data 
brings out very prominently the difficulties met with in detailed 
statistical investigations. 

The first thing to be considered is the exact object for 
which the census is undertaken. It is for demographical pur- 
poses; to supply information as to the numbers 
and local distribution of the population, the 
numbers of each sex and age, their so-called civil condition 
(t.e., whether single, married, or widowed), and their nation- 
ality. This is the minimum information necessary for adminis- 
trative purposes. In addition to these facts there are very 
many others which the statesman and the economist wish to 
know about each member of the population, and the census 
form is the only means in England of collecting universal data: 
the question as to which of these shall be investigated and 

the choice of Which neglected, is decided more by expediency 
qctiocs. than on principle. Of these desiderata the follow- 


The census. 


Its object. 
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ing may be mentioned : the size and structure of the family, 
its position in the social scale, the economic position of its 
head: the nature of employment of its members, the wage or 
income of each member and of the family as a whole, the rent 
and size of their house, their educational condition, the ages at 
which they commenced or retired from work, their migrations, 
their combination in religious or other bodies, and their infirmi- 
ties. It is clear that some of this information must be dis- 
pensed with, if the form is not to be overcrowded, and if the 
tabulation is to be finished in any reasonable time; and an 
examination of the general nature of the questions which can 
suitably be put will show how the necessary selection is made. 
First, the questions must be those which the informant is 
able to answer. Now, if the questions were only to be put 
to educated and methodical persons, doubtless a nutty 
full account could be given of the family migra- ‘=e: 
tions and of the ages at which each member had been at work; 
but the peculiarity of the census is that it is universal, and 
the questions must be such that the least educated and most 
unthrifty householder shall be able to answer; in many cases 
such facts would have been unrecorded and forgotten. 
Secondly, the questions must be perfectly definite, so that 
there can be no doubt as to what the right answer should be. 
The only answers which are of value to the 
statistician are “‘ yes,”’ ‘‘ no,” or a simple number, 
or a definite place or date or the use of a word that has a 
precise meaning. Adjectives and adverbs such as many, 
often, partly, etc., bear different numerical meanings to 
different people, and, though they may express fairly clearly 
the position of an individual, are nearly useless for tabulation,* 
which is their only purpose so far as the census is concerned. 
Thus the question as to education would have to be, not 
“state whether well, moderately, or badly educated,” but 
“state at what age school was left,” or ““ how many years at 
school?’ But even if such questions were not excluded by 
our first test, by the forgetfulness of the informant, the state- 
ments given would be of little practical value, and very often 
incorrect. An inquiry as to wage and income could not be 
made sufficiently definite without so many questions as to 
require a form to itself; for wages, as we shall see when con- 


* But see p. 121, ts/va. 


Definiteness. 
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sidering the Wage Census, require very careful definition, and 
many subsidiary questions must be put to get a proper estimate ; 
the simple query, ‘‘ what is your weekly wage or annual in- 
come?” would be answered on so many varying principles 
that the result would be valueless. 
Thirdly, the questions must be such as will be answered 
truthfully and without bias. There is hardly a demand on 
— the census form which would not be excluded, if 
' this rule was too rigorously enforced, as we shall 
see immediately. Perhaps the most difficult in this respect 
is the question, Employer or employed ? For though there are 
many cases in which a man is both employer and employed so 
that this question should be excluded by our second test, many 
persons consciously exaggerate their social importance by 
erroneously replying the former. Questions relating to social 
position must generally be excluded by this rule. 
Fourthly, the questions must be those which will be answered 
willingly, and must therefore not be inquisitorial, or such as 
Reluctanceto tO raise apprehension of a change of law or an 
answer. imposition of taxes. Questions as to membership 
of trade unions, or of friendly societies, or as to insurance, 
would be thought inquisitorial. Many would refuse to state 
their incomes, holding it to be no one’s concern but their own. 
Questions as to rent might be regarded as possibly leading 
to taxation. Questions as to religion are badly answered, as 
was shown in the evidence before the Census Committee of 
1890,* and should be excluded in England by each of these 
four rules. Some persons do not know what their religion 
should be named, others would find the question indefinite, 
others would deliberately answer wrongly, and many not at all. 
The questions on the census form f not excluded on one 
or other of these grounds are Nos. I, 2, 3, 4, 14 and 15; these 
are fairly definite, and householders are generally able and 
willing to give correct answers to them. Question 5 may be 
inaccurately answered in cases of divorce, separation, or 
irregular unions. Questions 6, 7, 8, 9 were first introduced in 
rg1r, and though there were many inaccuracies, the answers 
have given important new information. With regard to 
questions 10 and 11, there has always been difficulty in dis- 


* Report of Commities on the Census, 1890 (C.—6071), 
¢ Facing this page. 
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tinguishing between a classification according to the nature of 
the work a person is doing (¢.g., as a clerk or a carpenter) 
and a classification according to industries (e¢.g., where the 
clerk and carpenter are employed by a textile firm); in 1911 
questions 10 and Ir were devised with a view to making a 
‘double tabulation possible. Question 12 has failed to give 
complete information as to the status of a worker, and ques- 
tion 13 is inadequate for many cases. No provision is made 
for persons who follow two equally important occupations. 
Question 16 is not definite and leads to no important results. 
A further discussion of the merits of some of these is to be 
found in the Report of the Committee already mentioned ; * 
here it is only intended to indicate the general grounds of 
inclusion or exclusion. 

So far we have not discussed the important question as to 
who should fill in the form. If, as in the English Census, 
it is to be filled in by the householder, the ques- _ Fining up of 
tions must be much simpler in matter and words ‘= 
than if it is to be filled in by an official teller. In the latter 
case the form may be much more complicated, the questions 
more inquisitorial] and such as might lead to indefinite answers 
on the part of ignorant people; for the teller would insist on 
an answer, be able to exclude those obviously wrong, and 
cross-question till the indefinite answers were so altered as to 
allow definite tabulation. In a great and complex under- 
taking like the Census, where many tellers must be impressed 
for a short period, their instructions and the general plan must 
be sufficiently simple; but as the extent of an inquiry con- 
tracts, the tellers can receive more complete instructions, and 
the information requisitioned may be more complex. This is 
of most importance in connection with columns 10-13. 

The general shape and appearance of the sheet need atten- 
tion. Ifthe structure of the family is to be shown, the answers 
are best given on a single sheet, which must suspect tink 
contain enough lines for the largest ordinary = 
household, so that the trouble of fastening together of many 
couples may be avoided, and tabulation not be hindered. The 
spaces must contain plenty of room for answers in uneducated 
handwriting, without making the whole so large as not to lie 





* Seo also the Statistical Journal, 1908, p. 496, and 1920, pP 134. 
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easily on adesk. The instructions must be distinct and visible, 
and placed in close connection with the answers; to further 
this, a skilful use may be made of capitals, italics, and different 
founts of type. On the form facing p. 22, those in use are 
roughly reproduced in miniature. 
The form should always show for ana purpose the figures 
are collected, and how they will be used, in order to enlist the 
Purpose tobe SUpport of the informant and allay misapprehen- 
shown, sion. The extent to which this should be done 
depends a good deal on whether the filling-up is compulsory, 
as in the population census, or voluntary, as in the wage 
census. In the case before us no preamble is necessary, since 
every one knows the main features of a census, and most are 
willing to further its objects; but it must be shown that the 
inquiry is sanctioned by Parliament, and that compliance is 
compulsory. This is done on the back, on the fold which is 
outside before the form is opened; and even though penalties 
are threatened against absence of or falsification of returns, the 
last sentence on the back and a statement on the front of the 
form guarantees the informant against injurious or personal 
use of his answers. Where information is voluntary, a careful 
letter should be printed and circulated with the form, per- 
suading the informant to give his assistance. 
While the main part of the form is filled in by the house- 
holder, other parts are filled in by the officials, and with very 
Subsidiary little trouble a good deal of subsidiary information 
information. can be collected in this way. On the outside the 
Registration district and sub-district, enumerator’s district and 
the postal address are written, from which the numbers can 
be tabulated for any of the areas required. The teller could 
also, as he took the form, enter the number of stories to a 
house, which is not done in the English Census, and other 
information as to the style of house and street might be 
endorsed. In a more intensive investigation, expert assistants 
could be trusted to come out of a house with an accurate 
knowledge of many interesting details. 
We can now proceed to the individual criticism of the form 
in the light of the rules suggested above. In the first place, 
Lineand Ven the arrangement of columns is not perfect. 
cofuncs. To labourers who are not in the habit of writing 
at all, and who have (to judge from election posters) to be 
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instructed how to put their mark in the right place on a ballot 
paper (many papers being destroyed simply through ignorance), 
this arrangement of horizontal and vertical columns would be 
confusing, and without help they would not gather at all what 
they were to do. They would fill up more easily a paper in 
which the answers were to follow the questions immediately :— 


State your Name 

State your Age 

State yOUr SOX jo 

Unmarried, Married, or Widowed 
and so on. 


This form, however, could only be used if a separate paper were 
to be filled in for every individual, children and all, as is the 
case in France. 

The first question, which for the general purpose of the 

census should be the most definite of all, leaves some room for 
doubt. What constitutes “ passing the night ”’ ceiticsem of the 
in the case of a night-watchman returning at ‘tiow. 
4 A.M., or of a printer at 2 A.M.? How is the householder 
to know whether any of his establishment are returned else- 
where? Since too many instructions only lead to confusion, 
the tellers should be specially taught the answers to such 
questions. 

The very meaning of the phrase ‘‘ population of a district ”’ 
is Open to much doubt. In France “‘la population de fait,”’ 
which consists of all present in the given district 
at the given moment, is distinguished from “la 
population de droit,’’ which consists of all usually resident in the 
district, including those temporarily absent, and excluding those 
only momentarily present, and from “la population munici- 
pale,” which is “‘ la population de droit,’”’ less prisoners, hospital 
patients, scholars resident in schools, members of convents, 
the army, and so on.* The English Census has counted only 
“la population de fait.” In the United States in 1890 we 
find a “constitutional population,” which excludes residents 
in Indian Reservations, the Territories, and the District 
of Columbia; the “ general population,” which includes in 

* See Bertillon, sbid., p 146. 
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addition the Territorles (except the Indian Reservation, Indian 
Territory, and Alaska); and the “total population,” which 
includes all excluded in the former.* For 1910, the population 
as generally quoted is that of continental U.S.A., viz., forty- 
eight States (including Arizona and New Mexico, formerly 
territories) and the District of Columbia. We find also a total 
which includes Alaska, Hawaii, Porto Rico, and the army and 
navy abroad, and another total which adds to these the esti- 
mated population of the Philippines, Guam, Samoa, and the 
Panama Canal zone. For the apportionment of taxes the 
population of the District of Columbia and Indians are sub- 
tracted from the continental population. Notice that the 
Channel Islands and the Isle of Man are included in the English 
Census enumeration, but not in the total generally quoted. 
Also an account of soldiers and seamen at sea or abroad is 
given in a table, but they are not included in the total. 

It is possible to find difficulties in filling up each of the 
columns, owing to ignorance or ambiguity. For illustration, 
consider how column 2 should be filled in in the case of a cousin 
who was a “ paying guest,”’ or a relation who was a visitor; for 
column §5, is a divorced person single or a widower, and what of 
a woman who is doubtful whether her husband is lost at sea? 

It is well known that columns 3 and 4 are wrongly filled 
in for two reasons—one, that elderly people often do not 
know their ages accurately and enter them to the 
nearest round number, so that the returns con- 
gregate at 40, 50, 60: the error thus arising is eliminated by 
tabulation in the groups 35-45, 45-55 years, etc., and for more 
minute tabulation the groups 3-7, 8-12, 13-17, etc., are sug- 
gested: the other is that many women habitually enter their 
ages too low; in this case also the Registrar-General is able 
to deduce nearly correct totals. 

It is to be noticed that, since the ages stated are those 
“last birthday,’ the age will on the average be given six 
months too low, and, in fact, the ages given as 17, ¢.g., should 
be scattered nearly uniformly over the months to the eighteenth 
year. 

The most important criticisms of the census-schedule are to 
be made on columns 10-13. It will not be expedient here to go 

* Willeox: Area and nl dard of — erg Focggtee at the XI. Census, 


a book which gives a v usef accurac 
elementary data of statistics. aa 


Age. 


DEFINITION OF UNIT 27 


into all the questions raised before the Committee on the 
Census as regards an industrial census. Whilethere , oon 
can be little doubt that a thorough census of occu- 

pations would be best undertaken separately, and on some- 
what different principles from the population census, it is 
certainly better, till opinion is ripe for so radical a change, to 
include in the present census the best questions we can as to 
occupations, than to omit them altogether in despair of accurate 
results. In any case, a census of occupations ought to be 
co-ordinated with the general population census, otherwise 
great difficulties of interpretation arise. Some of these may 
be seen in the attempt to reconcile the statistics of the number 
of persons employed in the Report of the Census of Production 
(Cd. 6320, pp. 8-10) with the statistics of persons occupied 
according to the Census of Population. 

The objects aimed at, which we must always keep in mind 
when criticising special questions, are two : to find the number 
employed in each trade and industry, that is, so to say, to 
form vertical divisions; and to find the number in each kind 
or grade of employment (labourer, artisan, employer, etc., or 
smith’s striker, carpenter, weaver, etc.) in horizontal divisions ; 
so that the tabulation may give some such result as :— 


TEXTILE INDUSTRIES. 





Cotton. Wool, Linen. Totals 





Employers - 
Managers’ - 
Clerks - 
Overlookers - 
Spinners - 
Weavers” - 
Labourers” - 
Childrens - 


Totals - 
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The necessary minimum of information would be given by 
such answers aS 


Legal—Solicitor—Managing clerk. 
Mining—Coal—Hewer. 
Metal-worker—Iron—Smith’s striker. 


Now the simple instruction, ‘‘ State your occupation,” would of 
course not lead to information of this sort. The coal-hewer 
would simply say miner; the clerk, managing clerk; the 
striker, very likely smith. To explain what is wanted and 
avoid mistakes, the informant is referred to the back of the 
form, half of which is devoted to instructions relating to these 
columns. These are lucid, carefully picked out with capitals 
and italics, comprehensive, brief and to the point. No one 
who wishes to fill in the form rightly, and is sufficiently educated 
to understand simple instructions, can easily go wrong. Yet 
it is probable that these instructions are in very many cases 
neither read nor followed; and this is very important in con- 
nection with the general study of blank forms of inquiry. 
Forms issued to people uninterested in the object in view will 
generally be filled in with the least possible expenditure of 
time and intelligence. Hence two courses are open: to reduce 
the question to the simplest possible form, and make the best 
of the result; or not to allow the informants to write in their 
own answers, but to take them viva voce by means of a teller, 
who has mastered the instructions, and has the necessary legal 
force behind him to compel information. The latter course 
entails time and expense. 
The result of the present system of inquiry, combined with 
a faulty method of tabulation, which it to some extent makes 
necessary, is that we have no reliable census of occupations for 
the United Kingdom. The present figures break down both 
from faulty data and from insufficient tabulation directly we 
attempt to make some of the important calculations depending 
on them. 
An attempt was made in 1891 to correct to some extent 
our ignorance of the relative numbers of unskilled and skilled 
the result of tee labourers, employers and employed, by the ques- 
cow quetion. tion now in column 12. The headings were not 
a model of clearness; there was not the ordinary imperative 
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“state” or “ write,”’ nor was one told on the front of the 
form whether to write Yes or No or to make a mark in the 
appropriate column, nor is the distinction between the three 
headings a perfectly definite one; but still one was hardly 
prepared for the following statement in the report : *— 

‘“‘ In numerous instances, no cross at all was made; in many 
others, crosses were made in two or even all three columns, and, 
even when only one cross was made, there were often very 
strong reasons for believing that it has been made in the wrong 
column. Oftentimes this use of the wrong column can scarcely 
have been other than intentional; being dictated by the foolish 
but very common desire of persons to magnify the importance 
of their occupational condition. This desire must have led 
many subordinates to return themselves as employers rather 
than as employed, for it is only on this supposition that we can 
account for the otherwise unintelligible fact that, under several 
headings, there are actually, according to the returns, more 
employers than employed, more masters than men. . . . We 
hold (these returns) to be excessively untrustworthy, and shall 
make no use whatsoever of them in our remarks.”’ 

The questions have, however, continued to be inserted and 
the numbers tabulated, and statisticians have used the results 
with a certain confidence. 

This attempt and its results are of the greatest importance 
to all who try to draw up forms of inquiry. 

Before leaving the subject, it should be mentioned in passing 
that we cannot deduce directly from our census the number of 
persons dependent on a particular trade for their living; that 
is to say, the number of employers, their families (not other- 
wise returned) and domestic servants, and the number of 
employés and their dependent families. This, the most 
important total for estimating the relative importance of 
different trades of the country, is not tabulated, though such 
tabulation has been found possible in other countries, and 
we ora dependent on the estimates of statisticians for such 
totals.t 

To see how the information given by the answers on the 
census schedule can be worked up into detailed specific 
numbers, it is only necessary to look at the diagram and 
a a en ee ee an 


* General Report on the Consus of 1891, p. 36 (C. f ; 
} See Booth in Slavaieal Too eae 
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table prefixed to each of the sections relating to special trades 
in Mr. Booth’s Life and Labour of the People (e.g., vol. v., 
. 46).* 
Taibin have generally to work with material provided 
for them: their first task is to understand exactly the defini- 
tions under which the data were obtained and the limitations 
of the tables published. In skilled hands quite faulty compila- 
tions have often been found to yield accurate results of great 
interest. 


SECTION 2.—IHE WAGE CENSUS. 


The main differences in method between the wage census, 
as taken in 1886 and 1906, and the general population census 
are—(1) That the filling up the forms in the wage census was 
voluntary; (2) that their correct filling up required a higher 
degree of intelligence and education. As before, we must 
consider first the object which the wage census was intended 
to fulfil: it was to describe the earnings of the 
people of the United Kingdom, to compare the 
rates of wages trade by trade, and to find the relative numbers 
earning at each rate. What is the best quantity to measure 
with this object in view? As a preliminary question, should 

The unite Wwe take the day, week, or year as the unit of 

a time? Clearly we shall not be able to compute 
weekly wages if we only obtain daily, for the week’s work 
varies from four to seven days in different occupations. The 
week’s wage is a more definite quantity; but the simple 
comparison of weekly wages in different trades will be decep- 
tive, because most trades are busier at one season of the year 
than at another, and in many the difference between season 
and season is very great ; in any particular week, then, we may 
be comparing the best season of one industry with the worst 
of another. To avoid this error, and because we do not know 
how many full weeks’ wages are obtained in a year, except in 
a few non-intermittent trades, it would seem best to take the 
year as unit; but the direct calculation of an individual's 
annual earnings is practically impossible. The employer is not 
acquainted with this sum, for in large establishments the hands 
are continually changing, and one man will be paid by two or 


The object. 


TOT fpr  ercpnmeer eee a 
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more masters in the same year; and even in a factory with a 
nearly constant personnel, the weekly amounts paid to indi- 
viduals are not in general so tabulated as to be easily summed, 
and the working out of the totals would require a prohibitive 
amount of clerical labour. If we turn to the workman, on the 
other hand, we shall find in the majority of cases that no 
accurate account has been kept of earnings through the year, 
and it would only be by careful individual examination, im- 
practicable on any large scale, that an estimate could be made ; 
in many cases the men, even if willing, would be quite unable 
to give a connected account of their earnings during the past 
twelve months. 

It seems clear that we must adopt a smaller unit, and since 
most wages are paid weekly, a week is the most natural one. 
The subsidiary questions which will lead best to an estimate 
of annual earnings will be discussed below. The answer to 
the first question, as to the best quantity to investigate, is 
indirect; the only individual measurements we can obtain 
directly are the week’s wages, but these may be supplemented 
by estimates en masse. 

Next, who possess the information we require? Clearly 
both employers and employed, and in an ideal census the 
answers would be obtained from both groups; smptoyers and 
but considerations of simplicity, cheapness, and vat maida 
accuracy are all infavour of applying to em- 
ployers alone. 

If employés were to be interrogated the procedure would be 
as follows. Draw up a form on the analogy of the census form, 
describe very briefly the purpose of inquiry, add a short series 
of concise, lucid, simple questions in suitable type and with 
careful spacing, such as will lead to the minimum information 
required; let these forms be left to be called for, and when 
collected, let the tellers have time and opportunity to examine 
and correct them. It is clear that this method would entail an 
even more expensive organisation than the population census, 
and as the result of experiment it may be doubted whether the 
maximum of accurate information that could be thus obtained 
would come up to the minimum that would be of use. A 
partial inquiry can, however, be carried out by means of trade 
unions, as was the case in the census of Railway Wages under- 
taken by the A.S.R.S. in 1908. : 
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The method of inquiry among employers was as follows: 
Suitable blank forms and an explanatory letter were sent by 
post to all employers, whose addresses could be found, in the 
industries selected for investigation, and the answers were 
returned to the central office by post. This is far simpler and 
cheaper than the suggested scheme for inquiry among work- 
men, requiring far fewer forms and only a small staff of clerks. 
With business men it is a simpler matter to post the return 
when completed than to keep it for collection by hand. Since 
there is no personal intercourse over the matter it is especially 
necessary that the questions should be lucid, for the additional 
correspondence necessary to rectify errors is a source of worry 
at both ends. A copy of one of these forms used in 1886, 
abridged only in the number of subdivisions, is subjoined here 
and on the following page. 


WAGE CENSUS. 


RETURN OF THE RATES OF WAGES Paip 1N SILK MANUFACTURES. 


Name of Factory or Firm 
Address 


Note.—It is requested that the salaries of clerks and managers may be excluded. 
The return is of wages of working men only. 











Numbers employed on___-____ 1886 - ¢ No. 

Amount paid in Wages in the year 1885 - - 5 

Highest weekly amount paidin 1885 Date 

Number of Hands paid in that week — - - No. 

Lowest weekly amount paid in 1885 LS Date 

Number of Hands paid in that week = - INO secon 


State the present average rate of pay for overtime: that is, whether 
overtime is reckoned as time and a quarter or time and 
a half, &c., or in what way reckoned 





State whether overtime is at present being worked, and how much; 
or whether less than full time, and how much less 
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CURRENT RATES OF WAGES AND Hours OF LABOUR PER 
WEEK of Persons employed in each Branch of the Silk 


Manufactures on 


1886. 

















CuRRENT RATES OF Wacges Paip and NuMBER OF 
Hours oF Lasour Pek Weex when in full work, 
but exclusive of Overtime. 


Note.—State the Number of Hours of Labour per Week, 
whether the Workers were paid by Time or Piece- 
work, and if paid by Piece-work give the amount 
earned in a week, exclusive of Overtime. 


DESCRIPTION OF 
OccuPATION. 





N.B.—It is requested 





that this list of occu- FEMALES. 
pations may be re- 
vised where necessary. Women. 
A yeas aud Grrts. 
upwards. Under 18 years, 
f- , | te fem lone ] feat e 
Sel RR Sy Ss HE Sass 
sa alge|se|Se[ os se 
ra ZE les jrijze a3 |ps 





Silk Throwing— 
Parters : oe 
Winders - es 
Cleaners - ee 
Spinners - pes 
Doublers - ae 

&e. 

Silk Spinning— 


Openers and f Time 
Sorters - | Piece 
‘ Time 

Boilers ” 1 Piece 

Time 

Dressers - Piece 

Preparers and { Time 

ders - | Piece 
&c. 


Silk Weaving— 
Winders «. { Time 
a: 
ime 
Napes. Piece 
Warp Pickers f Time 
or Clearers Piece 
Doublers . { Time 
Piece 
Fillers . Time 
Piece 

&c. 





34 ELEMENTS OF STATISTICS 


The measurement of the annual earnings of groups of 
workpeople was one of the ultimate objects of the inquiry. 
Annual earnings are composed of many different 
items, of which the following are the most impor- 
tant: Ordinary weekly wages, pay for overtime, special pay- 
ment for special work (é.g., of builders if sent to a distance), 
or at special seasons (such as the harvest); and payments not 
in cash, such as free or reduced house-rent, free or cheap coal, 
and special goods at cheap or wholesale prices (such as cloth 
in textile factories, or potatoes for agricultural labourers). 

When payment in kind is at all general or important, it is 
generally better to proceed on a different method entirely, e¢.g., 
that followed by the Agricultural Sub-Commissioners of the 
Labour Commission. When it consists of only one simple 
item, such as a house rent-free, it can form the subject of an 
additional question on a form similar to that on p. 32. In the 
silk industry this does not occur; but this discussion shows the 
necessity of preliminary knowledge on the part of the investi- 
gator before the right form of inquiry can be drawn up. 

We have left for consideration the weekly wage, and over- 
time and special payments, the last two of which can be grouped 
together. The ordinary weekly wage is a sufficiently general 
and definable quantity in most subdivisions of most industries. 
A foreman could generally state how much is earned in an 
ordinary full week for each of the hands under him. In many 
cases there is an hourly or weekly sum regulated by a trade 
union, as in the building trades. In others, as in the cotton 
industry, piece-rates are so regulated as to bring out a definite 
sum for the week’s work graduated in relation to the difficulty 
of the task; in general, a very rapid survey of the wage-book 
will show what the worker in each subdivision will make on an 
average. Thus the average weekly wage in an ordinary full 
week can be found with considerable accuracy, but this takes 
us only part of the way in the calculation of annual earnings ; 
we need to know in addition to this how many full weeks are 
made in the year. It is the method by which this is attempted 
on the printed form that is open to most criticism. The ques- 
tions used are on p. 32, and afford a good example of the 
general difference between the quesita and the data which are 
attainable. The quesitum is: To how many full weeks’ wage 
are the annual earnings equivalent allowing for slack weeks 


Annual earnings. 
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and overtime? The first crucial question to decide is: Are we 
to allow for an average loss of time, say two weeks in the year, 
through sickness, or are we to allow only for time quasita and 
lost through failure of work? Since sickness is ar 

an individual not a general misfortune, it will be better to 
exclude it if possible. Now overtime in one season, especially 
if its wages are on “‘ time-and-a-quarter ” or “ time-and-a- 
half ’’ basis, very quickly tends to balance slack time at another 
season, though it may be supposed that it is rarely the case 
that more than the normal week’s wage is averaged through 
the year. Thus it will be logical as well as simple to estimate 
the year’s earnings as so many normal weeks’ wages. For 
example, if we found that two weeks were lost through sick- 
ness and three through the mill stopping, and that overtime 
in one busy month had added wages equivalent to two normal 
weeks, we should have forty-nine weeks’ full wage. The 
figures which will give this result will be the total sum paid in 
wages in the factory in the year divided by the aggregate 
normal week’s wage of the people dependent on the factory, 
supposed all at work. Thus, if 1200 hands (men, women, and 
children) would, if all at work, make {1000 in a normal week, 
and this was the average number dependent on the particular 
mill, and if £48,000 was paid in the year in wages, annual earn- 
ings would be equivalent to forty-eight normal weeks, and 
earnings would average {40. Now the total paid in wages is 
generally kept separate in business accounts, but the number 
dependent on the mill for work is often not known accurately ; 
for the personnel of a large establishment is subject to continual 
change, and the manager would not know whether a person who 
left went to another mill or got no work. The total number 
of all who had worked there during the year would be too great 
for this purpose, and the number at work in a normal week 
too small. The number open, perhaps, to least objection is 
the number at work in the busiest week of the year; for those 
absent except through sickness when trade is busy cannot be 
said to be dependent on the factory, but if not at work else- 
where are among the permanent unemployed; very few work- 
people indeed will be taking their holiday at a busy time, and 
it may reasonably be supposed that all the factories in the 
same industry will have their busy and slack seasons at nearly 
the same time. The answers then to the printed questions— 

D2* 
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Total paid in year, and number of hands in busiest week—tell 
us all we need to know, if we may make this assumption; for 
then the total sum paid as wages in the year, divided by the 
maximum number employed in the busiest week, gives the 
average annual earnings. To find the equivalent number of 
normal weeks, multiply the maximum number employed by 
the average wage found on the second page of the form, so that 
the product shows the aggregate weekly wage if all were 
employed, and divide the total paid in the year by this product. 
The process may be illustrated by comparing the data 
obtained in the more recent census with that in 1906, when 
more information was obtained. 
In 1906 some of the particulars obtained were as follows. 
The Cotton Industry of the United Kingdom is taken as an 
descanattings example and the figures relate only to those 
andweekly firms which made returns. [See Cd. 4545, pp. 
bila XXV-XXXVii, 3, 17, 20-28, and (for the blank 
schedule issued) 242-4. ] 
T = Total wages in 1906 = £10,195,229. 
W = Average of 12 weekly statements * of aggregate wages 
= £204,173. 
N = Average of 12 weekly statements of aggregate numbers 
== 212,503. 
M = Greatest aggregate recorded among N = 213,472. 
A, = Average earnings of all employed in particular week 


Ay = Average earnings of those employed in particular week 
who worked neither overtime nor broken time = 
Igs. 7a. 


Hence we have 


A =-y7 = average earnings in the 12 selected weeks = Ig:2Is. 
E, = . = average annual earnings of the average number 
1, = * = number of weeks’ average earnings obtained in 


the year = 49:95. 
The difference between 52 and 1, 1.¢., 2°05 weeks, is attribut- 


® The last ordinary week in each month. 
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able to holidays, which range from 8 to 15 working days, but 
includes also stoppages of the factories from any cause. 


= = {47-76 == average annual earnings of the maxi- 


mum number, which is taken as the number dependent on the 
factories, the variation being due to unemployment. 

N, = En = 49°73 = number of weeks’ average earnings of 
this maximum. 

Ny, — Ng = 0-21 = possible estimate of weeks lost by un- 
employment in 1906. 

To this should be added an estimate for the number unem- 
ployed in the maximum week. 
M = 1'008. In this case broken time exceeds overtime 


on the whole, so that earnings are o’8 per cent. below those 
obtained simply by full-time work. 

Applying this percentage to v2, we obtain 50-1 as the number 
of weeks in the year in which full-time earnings could be 
obtained by the maximum number recorded as employed. 

In 1886 the corresponding totals recorded were T = 
£3,148,566 for the year 1885. Aj, ordinary wages in a normal 
week in 1886 = 15-:2s. M, the greatest number recorded in 


1885 = 87,887. Hence Ex, = ao £35°8, average annual earn- 


ings of maximum number; and if we can take Ay as the 
same as A (the average weekly earnings in the year), n, = 
Em ~~ Aj = 47:1, the number of weeks’ earnings of this 
maximum. Here we cannot compare Ay and A, for want of 
data. 

The method is evidently open to criticism from several 
points of view, and is here given rather to illustrate the nature 
of the problem and of the data which may help to solve it, 
than as a complete statement of the relation of normal wages 
to annual earnings. 

In addition to lost time due to holidays and to complete 
unemployment in the maximum week, there is lost time due 
to sickness, of which an estimate * is an average of 1-7 weeks. 

In the corresponding French wage census, of which the 


naman cree nnennern i 
* See Division of the Product of Industry, 1919, by the present autho 
p. 30, and Dr. Snow in the Statistical Journal, 1912-1 a aor se 
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results were published in 1898," an estimate of the number of 
days’ work obtained in the year is formed on a different basis. 
The data collected were—(1r) The variation each month of the 
personnel in each industry, which is found to average 4 per cent. 

The French for the year—that is, for each 100 employed, 96 

method. are found who have been in the same establish- 
ment for as much as twelve months: (2) The differences 
between the maximum and minimum numbers employed in 
each establishment month by month during the course of a 
year, which are found to average Ig per cent. of the (? average) 
personnel. From this we may perhaps draw the conclusion 
hat, on an average, half this number, at least, are in general 
out of work: (3) The number of different persons who have 
been employed in each establishment at one time or other in 
the year; this is found to be 140 for each 100 permanently 
employed, from which the legitimate conclusion is that the 
average number of unemployed is not so much as 40 in 140, 
t.e., 28 per cent. These two percentages, 9 per cent. and 28 
per cent., are taken to be the inferior and superior limits of 
average lack of work. This information is more detailed and 
perhaps more reliable than that on which the method, used 
above for the English figures, is based. Data obtained from 
syndicates of French workmen indicate about 20 per cent. as 
the average want of work; the English figures obtained by 
the method described above from the whole wage census yield 
about 12 per cent. in 1886. 

This somewhat lengthy discussion on the few questions 
included on the first page of the form is a good illustration of 
the necessity of considerable preliminary study before a blank 
form can properly be drawn up. Space does not allow a 
detailed criticism of the rest of the form, but it should be 
mentioned that the questions relating to individual wages in 
1886 were not sufficiently detailed. Thus under “ Spinners, 
piece ’’ (see schedule, p. 33) in each factory the earnings given 
would be an average for all employed, so that the earnings of 
individuals were not recorded, and the general distribution 
of earnings could only be given approximately. In 1906 the 
instruction was “Those earning the same amount may be 
grouped together; otherwise each entry should represent only 








* Salaives et Durée du Travail, 1897, pp. 15, 16. 
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one person,” and the actual variation in each occupation and | 
industry could be shown. 

A careful comparison of the two schedules is recommended, 
for it will throw light on many of the difficulties experienced 
in preparing questionnaires. 


SECTION 3.—EXAMPLE OF AN UNOFFICIAL INVESTIGATION. 


Investigations without official authority do not differ 
essentially from those conducted by authority if (as in the 
Wage Census) there is no compulsion to answer; but they are 
generally more limited in their scope, for want of organisation 
or funds, and are at the same time freer to employ the method 
of samples (which is discussed below, Part II, Chapter II.) and 
induced to do so in order to cover an adequate field. 

As an example, we may take the investigations relating to 
the economic condition of the working-classes in certain towns, 
whose results are published in Livelihood and wosking-cass 
Poverty.* The problem to be considered was not néitions 
precisely defined beforehand; in brief, the intention was to 
obtain what information it should be found practicable to get, 
as to the number of earners and dependents in working-class 
families, their earnings and their needs, and to tabulate those 
parts of it which after criticism were believed to rest on trust- 
worthy answers. 

It is generally the case in such investigations that it is 
necessary to obtain the information personally, since people 
are not willing to fill in and return questionnaires unless there 
is some strong inducement (e.g., obtaining sugar) to do so. 
Consequently the forms used need contain few instructions, 
the investigators being specially selected and prepared for the 
work. It was found advantageous to use cards rather than 
paper schedules, and a facsimile is given on p. 40. 

It had, as always, to be considered what facts were actually 
known by the householder or his wife, and what were likely 
to be communicated to a tactful and persistent 
inquirer. Once the wife is engaged in conversa- “*"“* % 
tion, there is no difficulty in eliciting information as to the 
inhabitants of the household, the age of those under twenty, 
and the occupations (and generally the employers) of those 


* Published for the Ratan Tata Foundation. G. Bell & Sons, 1915. 
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at work; the rent and type of house can also be easily recorded 
(and checked if necessary). This information by itself led to 
valuable tables showing the constitution and earning strength 
of the families, and the enormous variation and absence of 
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any standard type in these, of a kind that have not been 

compiled in the census or any other official investigation. 
The difficulties were found in assessing family income. 

The wife often does not know the husband's or the elder 
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hildren’s earnihgs, and information is not readily given in 
ery many cases. Where it was given, it could be verified in 
elected cases by inquiry from the employers, and where tests 
vere made it was found that there was no bias in the direction 
if either overstatement or understatement. If, as was generally 
he case, the occupation was correctly stated, it was possible 
o estimate with fair accuracy the normal week’s wage from 
he known standard in the town. The distinction on the 
sard between ‘last week’s”’ and “ full time’”’ earnings was 
nade because the first was capable of a definite answer, and 
‘the second was often an estimate. The investigator, having 
both statements, would be able to find the reason for any 
difference, and to establish the second (which was the only 
one used in tabulation) more definitely than if it stood alone. 
It was found necessary to tabulate only the conditions which 
would exist if a full week’s work were done, and to leave 
aside questions of sickness and unemployment. The answers 
to the question as to “‘ other sources of income ”’ were certain 
to be imperfect; but, so far as they went, they showed the 
means of livelihood of some families whose wages were evidently 
insufficient, and since they erred only by omission they gave 
some positive information. The majority of working-class 
families have only a negligible amount of income-yielding 
property, and the main source of such income, the ownership 
of the house inhabited or of other houses, was generally reported. 
The estimates of earnings were not believed to be sufficiently 
accurate to lead to a table showing the numbers with various 
annual incomes, but they were adequate for the main 
purpose for which they were used. This purpose cc 
was to find out what proportion of the families eres 
had an income (apart from charity) to bring 
them above a certain standard, such as Mr. Rowntree’s 
minimum standard as calculated by him in Poverty. In the 
great majority of cases there was no doubt from the constitu- 
tion by age and sex of and the number of dependents in the 
family and the nature of the man’s work, on which side of the 
line the household stood. In the doubtful cases (which were 
kept apart in the tables) advantage was taken of all the points 
noted by the investigator (including non-numerical statements 
written on the back of the card which was reserved for this 
purpose), and a reasonable judgment could generally be made. 
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The card was not shown to the informant, but was filled 
in immediately after the conversation. The identity of the 
household was only preserved by the inquiry number. A 
file number was written in to preserve an order after the 
first process of sorting. Each card was criticised, and the 
numbers needed for tabulation were computed, and these and 
abbreviations showing the constitution of the family (such 
as M., S.: W., SC., SC., in., where a man and his son were earning 
and his wife, two school-children, and an infant were dependent) 
were written in the small spaces under the words “ File No.”’ 
The entries for the tables were then obtained by dealing the 
cards into appropriate packs and then counting them; this 
process is rapid, but needs continual careful verification. 

The scope of each inquiry (eg., the working-class of 
Northampton) needed careful definition. It had to be decided 
whether the town from an economic point of view 
coincided with the administrative borough, and, 
if not, outlying houses must have been definitely included or 
excluded. Next it was necessary to get an accurate list of 
all the houses in the district and apply the method of selection 
by sample to this list ; the inquiry actually dealt with whatever 
was contained in the list used, and the list gives the definition 
of its scope. There is no accepted definition of the ‘‘ working- 
class,” and that actually used was in fact determined during 
the handling of the cards. As a preliminary, all the houses 
at first selected which were above a certain rental or whose 
tenants were contained in a directory of principal residents 
were excluded. Of those visited all were excluded in which 
the principal earner was a clerk, teacher, or manager. For 
others, such as shop assistants, commission agents, publicans, 
small shopkeepers, decisions had to be made and recorded as 
the various cases arose. The final definition of the working- 
class households, as understood in the inquiry, was then by 
delimitation, and if given in full would be somewhat as follows : 
all households where the rent was less than 12s. weekly, in which 
the principal earner was not a clerk, teacher, etc. etc. Such a 
process of forming the definition during tabulation is of necessity 
quite common; the decisions should be quite clearly shown 
in the report, and emphasis should there be laid on the treat- 
ment of marginal cases. 


Definitions. 
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SECTION 4.—STATISTICS OF ENGLAND’S FOREIGN TRADE. 


The original schedules which lead to many other statistics 
are interesting, but limits of space must restrict us to one 
more typical inquiry, that which leads to our statistics of 
foreign trade. 

In the population census the filling in of the form is com- 
pulsory and done by the householder; in the wage census 
the answers were voluntary and given once and for all by the 
employer; in the various inquiries undertaken by the Labour 
Department the answers are voluntary, but in many cases 
periodic, so as to become quasi-official. The method of collec- 
tion of import and export statistics is a blend of all these. 
There are three classes of persons who know the 
facts in question—the sender of the goods, the 
custom-house official through whose hands they pass, and the 
recipient or his agent. Circumstances decide that, in the case 
of exports from the United Kingdom, the exporter or his agent 
sends an account of the quantity and value and place of destina- 
tion, etc., of goods despatched to the Statistical Department 
of Customs; that, in the case of imports, the receiving-agent 
hands over an account of goods to be landed to the custom- 
house officials, who verify the account, roughly if the goods 
are duty free, carefully if they are liable to duty; and that, 
in the case of transhipment, the goods are treated in the same 
way as imports at the port of landing, and to some extent 
verified at the port of embarkation. 

The blank forms, being verified by officials as part of their 
duty, or having been filled in by agents thoroughly used to the 
task, need no covering letter, and may be made as complicated 
as necessary; no questions are inserted but only blank tables. 
An examination of the forms in use will show what are included 
as exports and imports in the Board of Trade totals, and what 
is the total amount of information available for tabulation.* 

The quantities we wish to measure in this investigation are : 
the volume or weight and value of all goods which have an 
exchange value, which leave our shores or reach the quasita 
them from without, subdivided as regards classes *™4 éats. 
of commodities and countries of destination or origin; the 


* The following paragra 
g hs do not take cognisance of any changes that 
may have taken place since 194, : 


The informants. 
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values being those at the times of loading or unloading. The 
quantities we can measure are sharply distinct from these, 
being the records of values and volumes which reach the 
Board of Trade. We should therefore examine the forms to 
decide—(r) What part of imports and exports are recorded; 
(2) whether the values are correctly given, (3) the quantities 
accurately registered, (4) the commodities accurately defined, 
(5) the countries of origin and destination accurately dis- 
tinguished in the returns. 

On reaching port the ship’s master has to send in an 
Exampiesof account, of which an abridged specimen is given 
information. on p. 45 Soc 

The goods for quick transit are passed at once, and a special 

form is sent to the Customs Establishment similar in character 
to that on p. 46. The remaining goods are treated 
either as dutiable or as duty-free articles. In the 
list before us, ten cases of wine are entered for home use, and 
an account is sent into the Statistical Office; sixty cases are 
warehoused and another account (as to quality, quantity, and 
value) is sent in; the whole are registered asimports. Twenty 
of the warehoused cases are removed to another port and 
re-exported ; an account is sent, and they are entered as exports 
of foreign goods. Twenty are put on board ship as stores at 
the port of entry, and ten more removed to another port for 
the same purpose, and of this the central office receives an 
account; the remainder are removed to another warehouse, 
still in bond, and on leaving that will be treated in one of the 
four ways just mentioned. Other dutiable articles are treated 
in the same way. 

Goods not sufficiently described or not answering to their 

description are opened, their contents entered on a “ bill of 
Examination of Sight,’”’ and an account sent in. Private effects 
goods, are separately examined, being described on a 
‘‘sufferance ” form; if they are bona-fide personal goods no 
record is kept of them, except in the case of dutiable goods, 
which are treated as ordinary imports. If the dutiable goods 
are concealed, either among private effects or merchandise, 
and forfeited, they are not reckoned as imports. 

Bullion is entered on a separate form and kept distinct 

throughout the accounts. 

The duty-free goods, if for transhipment at another port, 


Dutiable goods. 
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are sent there under seal, and barely examined; they are 
treated at the central office in the same way as 


ae F oods. 
dutiable transfer goods, Theremaining free goods, ~~‘ 
If Sailing Vessel Official No. 
or Steamer STEAMER. No. of Register, 
Date of Registry, 
No. 1. REPORT No. 980.* 
Port of X. 





British or Foreign. : 
roanage| Ree Forel, TUS OUT | Mand weber | Plot rom 
bip’s N onnage. istry ; if Foreign, |! 2, : : : 
aaa Se) Conntry to which she | British [Foreign pe eR oreee | wee 























belongs. Seamen.|Seamen. : 
12 _ 
Marianne. | 700 BRITISH. | H. Hind. Leb) 
Total... | 
CakGO. 
: 6. a 
vee | | | Tpegeaeebpersite | Baristas of | ranpytol 
. an if an 0 
N: anes OF N Lords owen tose, Sad Goods (fany) for | be Transhipped Name of 
Places where ©% | Contents of each Package | any other Port in | or to remain on |Consignee. 
laden in order ¢ Tebacto, Cigsts of the United Board for 
of time. inne aH atch Bort. Kingdom. Ex portation. 
Havre, | Parijs to |London.—6oo pkgs.! Fruit and Peris hables Smith. 
France. 68 pkgs. Merchan dise. 
COK| 1392 
AE /495/6 
KG |340/9 
FOT] 1/50 
AJ | 3/6 
CK/ 1 
AC} to 
KL | 40 | | 70 cases Wine. Le 
ifsey week |ACD} 20 ts 
WD | 166 | § cases Woollens in transit to Liver poo 
eo beceated’ O&D| x | I case Brandy. | as 





STORES. 
Surplus Stores remaining on board, viz. { 4 Ib. 


Number of Alien Passengers (if any) 
Aegan psa = : . Os 
At what Station Ship lying- = - South y- 

Agent’s Name and Address - =e »- GJC. 
I declare that the above is a just report of my Ship and of her Lading, and that 
the Particulars therein inserted are true to the best of my knowledge, and that I have 
not broken Bulk or delivered ef Goods out of my said ship since her departure from 


Havre, the last Foreign Place o 
(Signed) H. HIND, Master. 
Signed and declared this 13th day of October 1896 
In presence of 
(Countersigned) 
. Collector. 


* g.¢., g8oth ship at X. since rst January. 
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which in general form the bulk of the cargo, are entered on 
such a form as follows, which is worth notice, for it is a speci- 
men of the rough material from which our aes trade figures 


are evaluated. 


Port 
This space 


is for the Dock or Station 


use of the 


ENTRY FOR FREE GOODS.* 


Gicers of | Importer’s Name 


Customs. 


Examina- 
tion. 


Ship’s Name. 
Marianne. 


Marks and 
Nos. 


COK 


1392 


AF 495/6 
KG 340/9 


FOT 


99 
a9 
99 


1/10 
11/5 
16/20 


21/5 
26/30 
31/5 
36/40 


41/50 


AJ 3/6 
CK 1 














(No. ) 





Master's Name} Rotation No. |Date of Report} Port or Place whence 
H. Hind. 980. 13/10/96. Havre, France. 
kages and Description of Good . Value, 
eae oak the Official Import List’ Quantity. rs 
One Goods Manuf. N.O.E. Billiard 
Cue Tips’ - - ° es 28 
Two Leather Shoes - - 10 doz. prs.| 58 
Ten Cotton Manuf, Trimmings - : & 140 
Embroideries tat 280 
Piece Goods, not Muslins -  - 300 yds. 8 
Ten Gloves of Leather ° ° |11,240 doz. pe, | 12,316 
Five Silk Broad Stuffs ° ° ‘00 10,400 
Five Works of Art— 
Pr laster Casts aad 2 2 rr) 380 
Statuary bed = > aoe 1,280 
Pictures by Hand . - 3 10,200 
Five Books Bound” - - - 4 cwt. 300 
Five Bronze Manuf. Ornaments - 3 cwt. 38 
Five Metal Manuf. Ornamental 
Brass-headed Nails” - - 4 cwlt. 24 
Five Silk Manuf. wiaotia. Mantles, 
Trimmings - ° eee 1,816 
Ten Goods Manuf. N. O. E.— 
Fancy Goods - ° ° tis 110 
Horseless Carriage - . oes 160 
Brushes - : . ° eos 78 
Glue - - 5 © - 110 
Billiard Chalk - - ° ‘ 12 
Hardware - 2 ° . 7 116 
Four Stationery Ink - -~ - 48 
One Iron and Steel Manuf. 
Machinery, British, returned 3 cwt. 24 


ee _ --— ————_ 
I enter the above goods as free of duty, and declare 
the above particulars to be true. 


Dated this 13th day of October 1896. 


(Signed) 


J. Jonzs, 


Importer or his Agent. 


* In 1904 this form was altered so as to distinguish between “ place of 


eld esi of goods,” 
Pe pace whence goods consigned 


ditional column. 


which phrase replaced ‘‘ whence ”’ in the last di 
a? which new the heading of aa 
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The information so received is usually accepted at the 
central office without inquiry. It frequently happens, however, 
that the form is not properly filled in by the agent, the values 
often being omitted. When this is so, it is the verification of 
duty of the clerk at the port of entry to require “s: 
the agent to complete the forms, if imperfect, and to test 
the values by current price lists with which he is provided. 
When there is a palpable error or omission in the form, or when 
the price appears out of the common, a query is sent from the 
central office to the port: ¢.g., with reference to such a form as 
that just given, the following correspondence might arise :-— 


1. Pictures by hand, 10,200. Explain high value. 
Answer.—Correct ; invoice was seen; pictures by Millet. 

2. Books bound : is weight or value incorrect? Answer.— 
Both correct; advice seen; old and valuable books. 

3. Goods entered as “‘ goods manufactured, chip plaiting "’ : 
explain nature, and state if description is correct. Answer.— 
Correct; wood shaving plaited and occasionally mingled with 
horse-hair, etc. 

4. Potatoes, 40 cwt., £62. Weight or value? Answer.— 
Value correct. Weight should be 400 cwt. 


Thus any unusual entries are liable to be checked and 
verified. 

In the case of goods not easily valued, or of miscellaneous 
goods not easily tabulated, errors must arise in this way; and 
another error may enter if an agent or clerk, WhO _possititity of 
does not wish to receive too many queries from “= 
headquarters, enters at ordinary rates goods of exceptional 
value; but when staple commodities and large quantities are 
involved, all the persons concerned will be familiar with the 
forms they have to fill, the prices will be known, and so in im- 
portant cases errors will be at a minimum. The import total 
values, therefore, are the sim of many quantities of various 
degrees of accuracy, and it is not difficult when looking through 
the list of items in the annual report to see which are specially 
liable to error. Such commodities as old books, works of 
art, goods where sale depends on the fluctuations of fashion, 
racehorses, and so on, have values varying from day to day, 
and their exact value in the balance of imports and exports 
cannot be determined. 
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In the case of goods consigned for sale, a class which in- 
cludes the great part of the imports of wool, no value can be 
named by the agent. The goods are then valued at current 
market prices, and in the case of wool at the prices realised 
at the next wool-sales. There is always a possibility of error 
here, since the current prices may not be exactly obtained for 
a particular consignment; and there is apparently permanent 
overvaluation of wool, since the price at the sales is presum- 
ably the price of wool landed and warehoused, while the value 
for import records should exclude the cost of unloading and 
moving. 

The quantities and values of exported goods are filled in 
by the shipper or agent, and the papers sent through the 

— Custom House officials or directly to the central 

office within six days of the ship’s clearing. The 
specification given on p. 49 is an abridgment of the form used :— 

The forms for British and Irish goods are distinct from 
those for foreign, free and duty-paid, goods; and there are 
distinct export forms for transhipments, which have already 
been registered as imports. In these cases the specification 
and quantities are likely to be correct, but there are causes 
which may falsify the values. If they are to be subject to an 
ad valorem duty, they may be undervalued ; if they are adulter- 
ated goods, masquerading as genuine, they may be over- 
valued. It seems hardly possible to estimate these errors. 

We are now in a position to define imports and exports 
according to their meaning in the Board of Trade Returns; 

Definition of 25» fOr instance, when for 1913 the value of 

— imports is stated as £769,000,000, and of exports 

as £635,000,000, of which {110,000,000 are re- 

exports of foreign or colonial goods. In the following state- 

ment the details already shown are supplemented from the 

definitions given in recent years in the introduction to the 
Annual Statement of the Trade of the United Kingdom. 

Under imports are included all goods landed through the 
custom-houses, including goods immediately shipped as stores 
or returned from customers unused, with the following excep- 
tions : (a) fish of British taking landed in British ships arriving 
direct from the fishing grounds, goods directly imported by 
ambassadors and ministers accredited to this kingdom, old 
vessels bought from foreigners; and (b) sacks, cases, etc., 
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used as packages, passengers’ luggage, ships’ stores, ballast, 
and military and naval stores on board Government vessels, 
goods transhipped under bond, and goods in transit through 
the country on a through bill of lading (of which separate 
accounts are given), and goods unlanded and so reported. 

Under exports are included all goods entered on ships’ 
bills of lading, excluding the classes after (6) in the previous 
paragraph; new ships, leaving our shores sold to foreigners 
are included since 1899. 

Goods immediately reshipped at the same or another port, 
or held in bond and then reshipped, are included in imports, 
and in exports are distinguished as Exports of Foreign and 
Colonial Produce. 

Bullion and coin are not included in the general totals of 
imports or of exports, but are recorded in separate tables. 
Coin carried privately and the great part of diamonds imported 
or exported (a quite important item) are not recorded. 

The treatment of coal throws light on these paragraphs. 
Coal taken for use on the voyage is registered, but not included 
among exports; coal as cargo is included. 

The value of imports reckoned is the nominal exchange 
value just before they are landed, and so includes all payments 
due to foreigners, shippers, underwriters, etc., 
and shipping dues, and none to stevedores, dock- 
labourers, etc. The value of exports is the value “ free on 
board.” The exact definition of the values, here and in other 
countries, is of primary importance in studying the balance of 
trade.* 

Great difficulty is experienced in classifying exports accord- 
ing to their countries of destination and imports according to 
their countries of origin; the details first asked for in 1904 
(see notes on pp. 46 and 49) have led to greater accuracy and 
definiteness on these questions. In the accounts of trade 
there have been since 1904 two sets of tables, and the newer 
ones relating to countries of consignment are now given the 
greater importance. f 

Very great care is necessary in using the accounts of foreign 


Values. 





* See the Reports of the Committee of the British Association on The 
Accuracy... of... Statistics of International Trade, 1904 and 1905. 

t See Committee on Trades Records (Cd. 4346), and compare a current 
Statistical Abstract of the United Kingdom with those issued circa 1910 and 1903. 
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trade during the war period. The class named above “‘ military 
and naval stores on board Government vessels’”’ excluded 
from the accounts assumed vast dimensions. 





A very good example of an official inquiry is to be found 
in the Census of Production (1907) of which the results were 
published in 1912 (Cd. 6320).* Special attention may be 
directed to the relation between the qua@situm, the ultimate 
object of the inquiry, the data which it proved to be possible 
to collect, and the adjustment of the questions so that the 
answers could readily and accurately be given by the employers 
in various industries. 


* Examples of the Blank Schedules used can be seen at the School of 
Economics. 


CHAPTER IV. 
TABULATION. 


LEAVING now the consideration of blank forms of inquiry, 
let us turn to the methods by which our data, accumulated on 
these forms, can be tabulated. At first sight the tabulation 
of so many million census forms, so many schedules of wages, 
and so many lists of goods imported, seems mere office work, 
to be done mechanically, only requiring accuracy and not 
subject to scientific analysis. Tabulation does, indeed, involve 
a great deal of automatic labour; but the determination of 
the exact form of the table and the choice of the headings to 
which the totals shall correspond task the administrative 
statistician, and are worth the closest study. 

The function of tabulation in the general scheme of a 
statistical investigation is sufficiently definite; it is to arrange 

The function of in easily accessible form the answers to those 
tabulation. questions with which the investigation is con- 
cerned. If it is required to know, for instance, the number of 
persons of each sex and age-group in all the districts of the 
country, the figures in the table must show these numbers. 
Or, to take a less definite problem, we want all the information 
possible as to annual earnings. In studying the forms issued 
for the Wage Census, we have seen that the information which 
can be obtained is not precisely that which we require. The 
problem then is so to tabulate our information that our totals 
may give answers as near to our requirements as possible, 
and it can easily be found by experiment that the way to do 
this is by no means obvious. 

Not only must the figures be grouped so as to answer the 
questions put forward in the original scheme, but if the 
information is of wide and varied interest, as in all the inves- 
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tigations so far considered, the data must be studied from many 
points of view, and tabulated so that students in all branches 
of knowledge may be able to extract from our tables the infor- 
mation they require. Thus the population census is used by 
the financier, the legislator, the merchant, and the commercial 
traveller; political economists turn to it for light on the 
development of industry, and on the change of numbers in 
each trade; those interested in social questions will study 
the ages and sex-distribution in various districts or occupa- 
tions; the sociologist and biologist will need accurate infor- 
mation as to the growth of population and the change of age 
distribution. 

To take more specific points, the blue-book which contains 
the tabulation of foreign trade statistics will be expected to 
show how our trade with each country is developing, whether 
we are holding or improving our position in certain markets ; 
whether we are exhausting our supply of raw materials; 
whether some new commodity is yet of importance. It must 
be remembered that the original material is not accessible to 
the public, that they are dependent on the information ex- 
tracted for them, and that, though it would be possible to 
turn through all the forms for special data, yet the labour 
needed would be prohibitive, while a little more detail in 
the tabulation might easily have isolated the information 
needed. 

The method of tabulation should be taken in relation to 
the conception of characteristics explained above (p. 20). 
Each person or thing in a group possesses certain ‘tabulation and 
adequately defined characteristics, say A, B, C, ‘baractesistics 
and D. They also possess one or other of the charac- 
teristics E,, E,, Es . . ., and one or other of F,, F,, 
F,..., etc. A table in single tabulation shows separately 
the totals under each characteristic, E,, E,, etc. The heading 
of the table gives directly or by reference the definitions of 
A, B, C, and D, and contains frequently some such phrase as 
“in each locality ’ if the E characteristic is a locality. Each 
line in the first column then defines an E. A double tabulation 
shows the classification both by E and by F, the heading of 
each column defining an F, so that an entry shows the number 
of persons who possess, say, the characteristics A, B, C, D, 
E,, and F,. The horizontal totals show the totals who have 
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characteristics E,, E,, etc., and the totals of the columns relate 
similarly to F,, F;,, etc. . 
For convenience, the methods of tabulation may be divided 
into three groups: A. The simple statement of totals of 
Three groups of Persons or things which satisfy given conditions, 
tabulations. cych as the number living in a town, or the total 
value of imports from France; B. The grouping of a great 
number of units in relation to some particular property pos- 
sessed by all, with the object, not of answering assigned ques- 
tions, but of putting the material in a form ready for use 
in further investigations—e.g., the population according to 
ages, or wage-earners according to the value of their wages; 
C. The tabulation of non-numerical answers in suitable groups 
to give a view of the whole—e.g., the causes of strikes or the 
state of employment. The division between groups A and B 
is not always definite. 

In the tabulation the convenience of the reader must be 
studied. The table must be so arranged that any totals 
required can instantly be found. This is to a great extent a 
question of typography, the use of suitable founts for figures 
and headings, and also of the choice of the right shape and 
size of page. Supposing the best possible choice made in 
these respects, our rule will then be to get the maximum 
amount of information into a given space. 


Group A.—Thus we can have SINGLE tabulation, answering 


Classes of tabu- Ole Of more groups of independent questions, 
lation. . 
aS i— 


NUMBER AND MEMBERSHIP OF TRADE UNIONS.* 


Number of Trade ; 
b Total Membership of these 
Unions at end of Unions at end of Year. 


Year. 


1,317 1,493,375 
3,307 1,611,384 
1,267 1,644,591 





DovBLE tabulation shows the subdivision of a total accord- 
ing to two categories, in the example giving on P. 55 
according to sex and age :— 


* Compiled from the Sixth Annual Abstract of Labour Statistics, p. 1, 











ENGLAND ANRJ 





MALES, 


1881. 1891. 


Numbers Z ie Numbers Numbers 
employed] ayaies |employed.| ayaies employ ed 
above 10 ee atore : 
10 yrars 
of are. 





000'S 000's 
omitted. | 7’ chi omitted. Reta 














Cin Neuen Manufactures - 185 | 799 212 | 207 
Woollen Manufactures 93 | 100 102 96 
Flax and Linen Banu: 

factures- 4 3 F) 


Boot and Shoe Manu- 
factures- + = 202 202 191 


All occupations- - | 7,753 eae oaks 8,805 | &3r¢ 











Population above 10 


years of age - 9,314 
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CLASSIFICATION OF PAUPERS IN [RELAND.—Total Numbers who 
received Relief during the Year ended Lady Day 1892.* 








Females. | Total. 





Ages of Persons Relieved. | Males. 








Under 16 years - + - 44,391 43,648 88,039 
















Of 16 and under 65 years - 332,370 79,04 21 1,415 
Of 65 years and upwards se 35,121 43/668 80,789 
All ages - ° ° | 211,882 168,361 | 380,243 





More information may be included thus :— 


CLASSIFICATION OF PAUPERS IN ENGLAND AND WALES.—Total 
Numbers who received Relief during the Year ended Lady Day 


Ages of Persons Relieved. Indoor. | Outdoor. Total. 


Under 16 years - 111,782 | 441,805 553,587 | 100,671 | 452,916 


Of 16 and under 65 years | 232,284 | 385,299 | 617,583 || 148,066} 469,517 
Of 65 years and upwards | 134,144] 287,760 ia 64,779} 337,125 


Allages- «+ | 458,210 





A TREBLE tabulation can be used, subdividing the total 
into three distinct categories, with cross totals for each group. 
Thus the table on p. 56 gives separate divisions according to 
age, sex, and district; percentage lines, in a distinct type, 
are also introduced :— 

The same process can be further extended: the example 
in the table opposite shows an arrangement for a QUADRUPLE 
tabulation, distribution by district, date, sex, and industry, 
with subsidiary information; but it is generally better to use 
two or more tables than to increase the complication, unless 
it is necessary to bring several categories into close relation. 
Suitable varieties of type will often make comparisons easy in 
a very complex table. 


—_ 
* Compiled from the Sixth Annual Abstract of Labour Statistics, p. 102. 
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Looking now at the census householders’ schedule (facing 
p. 22), we can see that there are about thirteen different items 
of information about each person : district, POSI- Tabulation of 
tion in family, condition as to marriage, children, cece ate 
séx, age, occupation, industry, industrial status, infirmity, 
birthplace, nationality, and house-room. These could be 
tabulated in 78 different double, 286 treble, or 715 quadruple 
tabulations, so that there is plenty of scope for choice. 

To fix our ideas, we will take occupation as the main sub- 
division, and examine Mr. Booth’s use of the wr. Boots's 
census returns, say for London Printers.* — 

First he gives a treble classification—occupation, sex, and 
age—using columns corresponding to 3, 4 and 10 of the IgII 
schedule. 


Census Divisions, 1891 


1. Printer - ° 


2. Lithographer, &c. - 


Total - 





Then follows a single table, district and numbers, using the 
information on the back of the schedule. 






DISTRIBUTION. 
W.&cC Ss. Tora. 
7,577 16,753 40,049 





oe simple Aah are then given, relating to heads of 
amilies, using columns 2, 3 and 4 (sex), 2 and 14 (birth 
and 2 and 12 (industrial status). " _— 


LA AS EES SS ss Ss sn NSS 


* Life and Labour of the People, vol. vi., p. 189. 
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His next table uses columns 2 and ro, and is as follows :- 






TOTAL POPULATION CONCERNED. 






Servants. ToTAL. 





Heads of Others : 
Families. | Occupied. |Unoccupied. 






Total - - - 18,048 16,060 47,257 854 82,219 
Average in Family - I 89 2.62 


The next table (not here given) is a single classification 
according to number of rooms and servants, a most ingenious 
indirect use of the scheduled information; and the last is an 
example of the legitimate use of a quadruple tabulation— 
occupation, industrial status, sex, and age—given on the 
next page. 

It would be difficult to find a better example of tabulation 
of a great multitude of details to serve a special purpose. The 

The census Census authorities had in many cases not tabu- 

tabulations. Jated the necessary details, and it was necessary 
to turn through the original schedules to get at the facts. 
For such work as this, the function of tabulation is simply to 
provide the answers to definite questions. Thus the census 
reports show how many persons of each sex and age-group 
belong to certain industries in certain places, in a quadruple 
tabulation extending over many pages, each page relating to 
one district, and this table may be used for accomplishing 
Many separate purposes: each item is already a total ready 
for use. It is impracticable from limits of time and space, 
even if it were desirable, to tabulate all the possible groups of 
qualities which can be made from all the statements on each 
census form; a good tabulation will aim at providing only 
those statements which are of practical use. Thus many 
simply descriptive totals are given, such as the numbers of 
each sex and age in each parish in the United Kingdom, to 
serve primarily for administrative purposes; and many state- 
ments which will afford the economist and sociologist the 
opportunity of tracing the progress of industries, of studying 
the ages of workpeople in different occupations, the changes 
in age-grouping of the nation; and some further tables might 
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no doubt be given to throw light on problems of special interest. 
In each successive census new tables are to be found. 

It is interesting to open one of these great tables of figures, 
such as are generally to be found forming the bulk of a blue- 
book, and taking a figure at random, ask ‘‘ Why 
is this figure printed, what question does it answer, 
to whom can it give information? ’’ For instance, in the 
Eighth Report on Trade Unions, p. 257, we find that the United 
Brickworkers’ and Brick Wharf Labourers’ Union spent £20 
on funeral expenses in 1894, an average of 3s. 7}¢. per member. 
As an isolated statement this may interest a very small number 
of persons; but that small number has a right to expect that 
they shall find the figures relating to their union tabulated 
in a general official book; to them it may be as important as 
the item, on the same page, of £5,481 spent by the Boiler- 
makers. From this point of view, the question of inclusion of 
such small items is simply one of space. If space is limited, 
a selection would be made of larger quantities only, as being 
likely to concern more people. 

But there is a reason of quite another character for printing 
such items as these. The raw material, on which the totals 

Importance of im such tables are based, is not accessible to the 

raw material. student except by means of this Report. Now, 
the compiler of these statistics cannot know from what par- 
ticular point of view they will be studied. It may be desired 
to examine and group trade unions according to their expendi- 
ture on different items, to study their history, classifying them 
as fighting organisms and as friendly societies. The tabula- 
tions needed cannot well be foretold. The material is there- 
fore given in the rough, in order that the tabulation may be 
made by each student according to his needs. At the same 
time the most suggestive totals are given as one of these 
possible methods of tabulation; and in the summary of such 
a report, the items are retabulated, the rough material 
being omitted, in those ways which the editor thinks most 
useful. 

When space is much too limited for any publication in 
extenso of the items, a careful selection must be made of those 

Setection of tO be printed; and it is this selection that is 

saw material. generally open to most criticism. 

The Census supplies an illustration from the County Borough 


Minutiz. 
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of Coventry, r9rz,* where the following detail is given for 
II5 persons :— 


Brick, CEMENT, PoTTERY AND GLass. MALES. 





while all the males—masters, foremen, skilled workmen, 
labourers and boys—engaged in the cycle and motor-car 
trade are shown in no more detail than :— 


VEHICLES. 









| 55. (Totals. 





35° | 45° | 55° 


memes § ee cee 


‘ 
Age - © | roO- | 33. | 24. 15 | 16 17. | 18. | 19. | 20> | 25- 


—a— 


ee ee at inant beeen owe | eee 




















tea and se satin ae 
cs|—} x | 192] 271 | 303| 395 | 371 | 372 |2,003 3,872 2,488 1,122 379, 76 | 11,775 
ele ae | 


Makers, Mechanics —i—I! 7o 108. 143 160; 219 | 208 1,209 2,524 1,370 isa! g6 | 6,878 
Others -_ —j—ti— 7) r| 4{ 8 7| 3) Ge, 49 24) 21 | 4 213 





It is explained on p. ii of the volume that full particulars 
(by age) of relatively important occupations in a district are 
shown in italics. 

In such cases, two useful rules might be applied : omit all 
numbers under, say, 500 when by so doing a line of print 
would be saved; and give all numbers over 10,000 correctly 
only to the nearest Loo, and so for other digits in proportion, 
thereby reducing the width of columns of print. If, forexample, 
we knew to the nearest I00 the exact numbers in each district 
and occupation in which as many aS I000 Were Economy of 
employed, our knowledge would be as complete ™@ 
as we needed; and it is doubtful whether the space occupied 
by such a tabulation would be more than that already devoted 
tothe subject. In many cases, on the other hand, it is essential 
to have the raw material quite unchanged. Each tabulation 
must be judged on its own merits. 

It may be useful to take a particular group of answers, and 
discuss what tabulations will throw most light on the questions 
at issue. The Poor Law Commissioners of 1833 tebutation of the 
collected information from a thousand villages i in _ Poor Law 
England and Wales on the following six points ““"™"*S* 


* Census Report, Cd. 7org, p. 597. 
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among others : the wages of an agricultural labourer in summer 
and in winter, both with and without the inclusion of beer as 
part payment, his annual earnings, and the subsidiary earnings 
of his wife and children. It may be supposed that the chief 
object of the Commissioners was to find whether the labourers’ 
families earned enough for their support, and what proportion 
was earned by the wives and children. 

The following scheme of tabulation would show in what 
counties the labourer was badly off :— 


Average Annual Earnings of 


Family. Together. 





The counties might be taken in alphabetical order for con- 
venience of reference, or in geographical order with subordinate 
averages for groups (e.g., Eastern: Norfolk, Suffolk, Essex) ; 
or the counties might be arranged in the order of the total 
earnings, so that it could be seen at a glance in which counties 
the labourers were worst off. 

To show the number of villages, county by county, in which 
the earnings were bclow a certain minimum, or within certain 
limits, the table given on p. 63 might be used. 

This table can be used in the above complex form or simpli- 
fied. The number of subdivisions of money to be distinguished 
depends on the space at disposal and on the number of villages 
which would be entered in each. A table in which most of 
the entries are I or 0 is open to criticism. In the above table 
the villages are too few to allow accuracy in percentage. 

It will be seen that this table would furnish the answer to 
almost all questions which could be put as to total earnings. 

Tabulation to For instance, if we wish to see the relation between 
show conreiation. total earnings and the family’s subsidiary con- 
tribution, we should look at the smallest totals in the last 
column but one and see if they corresponded with the largest 
percentage of family earnings. If we found signs of corre- 


TABULATION 63 


spondence we should rearrange the counties in the order of 
these subsidiary percentages, and see if they were approxi- 
mately in order of total earnings also. This is an example of 
tabulation to show correlation, the correspondence in the 
occurrence of two sets of phenomena. 

Another important group of questions arising in connection 
with these tables is: What is the relation between weekly 
wages and annual earnings, and what proportion wages and 
of the wage is generally paid in kind? Weshall ™*™ 


ANNUAL EARNINGS OF MEN AND FamMILIEs. 
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not now require the statements as to subsidiary family earnings. 
In records of agricultural wages the most common statement 
was, ¢.g., ‘‘ wages in this district are from ros. to 12s. a week.” 
Now, a farm labourer did not generally earn as much in winter 
as in summer, because wages were reduced to correspond to 
the smaller amount of work necessitated by failing light ; from 
this cause annual earnings will be less than the weekly wage 
multiplied by 52. Besides this wage he generally receives 
special money at hay and wheat harvests, and also many 
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payments in kind, such as daily beer, house and ground at 
reduced rent, and other privileges. It is generally best to 
value all these, and compute his earnings thus :— 


tos. for 38 weeks - - {19 0 O 
12s. for g weeks (summer) 5 8 O 
Hay harvest, 1 week - 015 O 
Wheat harvest, 4 weeks 5 0 0 
Beer, Is. per week - 212 0 
Cottage and ground” - 5 00 
Other perquisites - - I 5 0 
£39 O O=TI5s. per week. 


In this case earnings are 50 per cent. above the general 
weekly wage. An estimate of this nature has been made by 
the late Mr. Little for each county for 1867-70 and 1892. 

The question, Are winter wages generally below summer 

Winter and Wages, and by how much? can be answered by 

summer wages. the following scheme of tabulation, which uses 
the data not employed in the previous tables :— 








Number of Villages where the Excess of 
Summer Wages over Winter was 
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These examples do not quite exhaust the useful tabulations 
of these groups of figures, for we have not yet examined the 
distribution of wages, that is the relative numbers paid at 
different rates. These returns do not, however, illustrate 
such a tabulation well, for we are not told the rates paid to 
individuals, but only the rate prevalent in the villages. 

Group B.—The grouping according to wages affords an 
example of the second method of tabulation. We have now 
no definite questions to answer, as in the method so far dis- 
cussed, but a more general problem: given a mass of data, it 
is required to tabulate it, so as to present the maximum 
amount of useful information. Our raw material is so many 
thousand isolated statements, which must be focussed, made 
to present definite meaning, and worked up so as to be useful 
for future comparison. 

Some investigations are undertaken not to answer any 
definite questions or to throw light on any given problem, 
but to collect information which, though it has g, isscs whose 
no immediate use, is likely to be needed ulti- purpose is not 
mately by many investigators occupied with 7 
various questions. Such is a wage census. So long as we 
have no sufficient account of wages, we are badly informed as 
to one of the most important measurements of the social body, 
and economists and statisticians are continually hindered by 
the want of data essential for their work; but the census has 
no immediate practical use, for knowing the height of wages 
does not help us directly to regulate that height. In such an 
investigation our object will be to examine the figures, and 
give all the groupings and averages which seem likely to be 
useful for any purpose; and while doing this we shall imper- 
ceptibly pass to a different class of investigation; we shall 
be finding a structure underlying our multifarous details; we 
shall find that the chaos, which our figures present at first 
sight, obeys laws; we shall be making a visible outline, and 
giving a definite shape to our apparently featureless mass. 

The complete discussion of this problem belongs to a later 
chapter; but the tabulation can be begun without special 
technique. The examples taken will relate chiefly to wages, 
but the methods are quite general. 

In the American Report on Wholesale Prices, Wages and 
Transportation of 1891, the wages of some 10,000 persons are 

F 
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detailed. It is proposed to consider their tabulation as a 
Selection of imits HOMogeneous group. The results are given on 

of groups. pnp. 69, 70. In the original publication the wages 
are given to half a cent; in the second column, on p. 69, the 
numbers of wage-earners are given in I0-cent groups, from 
$.25 to $.34, $.35 to $.44, and so on, those earning wages 
exactly at the dividing points being always placed in the 
division below. Notice that the average wage of such a group 
as $2.15 to $2.24 is not $2.20 if the wage-earners are evenly 
distributed cent by cent, but the average of $2.15, $2.16, .. . 
$2.24, 1.€., $2.195. 

Looking at column 2, we shall see that the figures present 
no order, follow no rule; no structure has yet been found, our 
divisions are too narrow for our material. 

Now group the wage-earners with wider limits, as in 
column 6, where the numbers earning in half-dollar groups 
are given; we have here a nearly regular sequence of numbers 
falling after the maximum in the second group. Going back 
to narrower limits, to find exactly at what divisions this regu- 
larity is first in evidence, we have in column 4 the numbers in 
20-cent groups which show considerable, but not absolute 
regularity. The numbers in 30-cent groups * are successively 
75, 355, 074, 1242, 740, 660, 343, 310, 180, 181, 233, 32, 82, 
3, 4,8, 1, almost completely regular except for the large group 
at $3.25 to $3.55. 

The question as to which of these groupings should be 
selected is to be decided by the number of separate items the 
eye can instantaneously grasp. In looking at the 5x numbers 
in the 10-cent groups, or the 26 in the 20-cent, the meaning is 
lost in a maze of figures (though as many details as these 
could be properly shown in a diagram), but the rr numbers 
in the half-dollar groups are easily comprehended. 

Stated in words, the result of our tabulation (column 7) is 
that 6 per cent. of the wage-earners made from $.25 to $.74, 
29 per cent. from $.75 to $1.24, and so on. 

For the practical work of the tabulation from the original 
figures, we should take ruled sheets, enter at the head of 

Practical tabu» SUCCeSSiVe columns certain wage limits, and 

ation. —_ turning through the items enter each wage by a 





* Vide, p. 97, infra. 
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dash in its appropriate column, grouping them in fives and 
tens, to facilitate addition. 

From the preceding paragraphs it is clear that we do not 
need to take separate columns for each cent from $.25 to 
$5.35 for tabulation, but a little consideration is necessary to 
see how minute the limits should be to give the correct average. 

Suppose the entries in cent groups to be :— 


$1.71 $1.72 $1.73 $1.74 


ITIII IIIII IIITIT IIIII 
IIIiIrI IITIII IIIII 

IITIII rit 

It 





The average of the wages so entered can be quickly cal- 
culated as $1.718. 

If, on the other hand, we put all the 51 entries as simply 
‘“‘ between $1.70 and $1.74,”’ or more exactly “‘as much as 
$1.70 but less than $1.75,’’ we should naturally take them to 
be all (for purposes of averaging) at the middle point of this 
group, viz., $1.72. 

If we have a sufficient number of items, the differences 
between the average assumed and that calculated for each 
group will be very slight. This is seen on p. 69; column 8 
gives the averages calculated from the entries in ro-cent 
groups, while column g gives them on the hypothesis that for 
purposes of averaging the numbers in the half-dollar groups 
may all be taken at the middle points of their groups. The 
difference is greatest in the first and last, the smallest groups. 
The general average obtained from column 9g is $1.70, which is 
the nearest round number to the true average $1.73. Hence, 
for the purpose of obtaining the general grouping and average, we 
need only take 11 half-dollar columns for marking in our items. 

For other purposes it may be advisable to work more 
minutely; for in the lowest group, we shall wish to know how 
many are earning $.25, $.30, $.35 separately, for 5 cents is a 
perceptible difference on 25 cents. At the top also it may be 
useful to know the exact wages. 

More minute entries again will be needed for the second 
method of tabulation, which is as follows :—Suppose all the 
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wage-earners to be arranged in order of the magnitude 
TheGaltonic Of their wages, those at $.25 at one end, those 

"method. = at $5.75 at the other. Note the wages of men at 
given points in the row. The lowest wage is $.25; one-tenth 
of the way along, that of the 512th worker is between $.85 and 
$.95, . . . half-way up the wage is $1.50. The figures at each 
tenth are given on p. 70. By this means we get a very vivid 
idea of the distribution according to wages. 

These numbers cannot be obtained accurately if we have 
only entered the details correct to half-dollars, but can be 
found from the ro-cent grouping, which is therefore the classi~ 
fication to be adopted. We must first determine in which of 
the small groups the men one-tenth, two-tenths . . . up the 
group lie, and then estimate their position inside the smaller 
group. Thus, if we want the figure more accurately than 
“between $.85 and $.95,” as given above, we proceed as 
follows :—The 512th man from the bottom is the 82nd man in 
the group between $.85 and $.95, for there are 430 earning less 
than $.85; this group contains 169; if they were distributed 
regularly, 17 to each cent, the 82nd man would be half-way 
through this group, between $.89 and $.90. The hypothesis 
of even distribution is sufficiently correct for most purposes, 
and this method affords a sufficiently accurate means of 
determining the wage of the workers at the tenth places. The 
resulting figures are given on p. 70. If, however, we want to 
know the wage of the half-way man more exactly, we see from 
the half-dollar groups that it is between $1.25 and $1.75, a 
rough approximation shows it to lie probably between $1.45 
and $1.55, and then we rapidly turn through our original data, 
isolating the wages at $1.46, $1.47, . . . $1.55.* 

A slight modification of this method is also useful. Take 
the average of the lowest 512 (or tenth), namely, $.703; of the 
next, namely, $1.03; and so on (see p. 70). These figures also 
give a vivid view, and are very convenient for comparisons 
with other groups. 

The figures so far apply to only half of the data in the 
Senate Report. On p. 70 the whole are tabulated to give 
the average wages of the successive tenths. A comparison of 
the two groups so obtained shows how far the first half was 
typical of the whole. 


* On this method see pages 102-7. 
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TABULATION OF WAGES—AMERICAN FIGURES, 1891. 
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Wages of “ Tenth” Men (deciles). 





Lowest tenth - $.70 79 

Lowest Wage - ' Second ,, =- 1.03 1.00 

Ysth up Group os Third ,, - 1.18 1.24 

Ysth 9 > oo. Fourth ,, 1.28 1.50 

yoth ° : Fifth » ° 1.44 1.50 
i: Sixth 99 =. I. 9 I. 

Seventh ,, - 1.86 2.00 


Eighth ,, - 2.14 2.22 

Ninth ,, - 2.59 2.58 

th : Highest ,, + 3.5! 3-55 
99 

Highest Wage - : . General Average 1.731 1.82 | 


g 
a 
6 
5 
Sah 














The tabulation of the data collected for the WAGE CENSUS 
of 1886 on such forms as that on p. 71, illustrates well some of 
the difficulties involved. The items given on the main part 
of the schedule are of this kind :— 

No. Average Wage. 
Spinners—Time: 6 : 12s. : 56% hours. 

- Such returns are not perfectly definite, for if many are 
employed in the same occupation in a mill, it is possible that 

Tabulationin they will earn at different rates. Thus this entry 

the wage census. of 6 at 12s. might arise from either 6 men each 
earning I2s., or 2 at Ios., 2 at I2s., 2 at 14s. (average 12s.); 
or 4 at I2s., I at I5s., 1 at IIs.; or 5 at 12s. and 1 at 18s.—12s. 
being the general rate, but not the average, in these last two 
alternatives. Since the purpose of the wage census was to 
give a comprehensive account of wages adapted for use in all 
investigations, it should show the numbers in all trades and 
subdivisions of employment by age, sex, and district, the 
average and general rate of pay for each group, and sufficient 
details to show the distribution about the average in each 
group, for a mere average may conceal exceptionally high or 
exceptionally low wages. 

On inquiry at the Labour Department as to whether the 
original information had been given in a more detailed form 
than the line above, or whether divergencies might be con- 
cealed, the author learnt that the subdivision of occupations 
had been carried to such an extent, that in practice, where 
there was any great variation in the wages of workers under 
one heading, that heading had been split up, so that each 
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group was separately entered, or that several groups were 
distinguished under one heading; and that when there was 
reason to believe from the light of other returns that this had 
not been done, supplementary inquiries were made on this 
point, so that the original data were detailed enough for any 
requisite fineness of tabulation. 

The problem then was to tabulate the answers from the 
various factories in a district, to show clearly and succinctly 
the distribution of wages in each subdivision and in the 
whole. It can hardly be said with confidence that the method 
adopted, of which a specimen is given on p. 71, is entirely 
satisfactory. 

To clear our ideas let us suppose that the details on which 
the line relating to throwsters (time) was based were as 
follows :— 


3 earming 14/ - “average minimum rate,” 
14 , I5/ 

6 , 15/6 
20 , ~ #«416/ 
a ” Li 68 within ro per cent. of the average 
8 ., 18/6 for all, which is 17/7. 
Io a 19/ 
10 ,, 20/6 

8 ,, 21/5 18 earning 20/11 on the average. 


The process adopted in the tabulation may be supposed to 
have been to separate from the whole group of returns a small 
Various methods GTOUP Of old men or inferior workers earning far 
posible. below the average, and enter them as a distinct 
minimum group, and to separate a small group of the most 
skilled workers and enter them as a maximum group. This 
is better than giving simply the highest and lowest of the 
individual wages, for either of these may be due to excep- 
tional circumstances, and may be quite a long way from that 
paid to any other person. The exact size of these extreme 
groups must be determined from inspection of the returns 
themselves. After this has been done, the remaining wages 
may not be grouped close together; in the example taken 
they are scattered between I5s. and 19s. To give some clue 
as to this distribution the number earning within ro per cent. 
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of the average is stated; this is probably the best way if only 
one column can be devoted to it, but 10 per cent. is a wide 
limit to adopt. Another method would be to give the limits 
within which the wages of the ro per cent. of the earners above 
and Io per cent. below the average were contained: in this 
case 16s. and 18s. 

If, however, not more than 8 columns are to be devoted to 
each group, the following arrangement would give much more 
definite information, and it could have been made from the 
data in hand, and would be well adapted for all the purposes 
for which it would be required. 


Numberemployed - - - - + = 109 
Average weekly rate - - - - - - 19/7 
One-tenth of the number of wage-earners 
received not more than - = 2 = 4¥5/ 
One-quarter of the number of wage-earners 
received not more than - - - 16/ 
One-half of the number of aero 
received not more than - - 18/ 
One-quarter received not less than - - - 10/ 
One-tenth e Po ws. - - - 20/6 


This method was used in the publications of the wage- 
census of 1906, except that the tenths were not given. 

After studying Chapters V and VI, readers will naturally 
replace the phrases used above by the terms median, quartiles 
and deciles, and consider whether one of the measures of 
dispersion would not be more appropriate to use than the 
details here suggested. 

We are fortunately not dependent solely on the tabulation 
as given above, for wages in industries as a whole me general 
are also tabulated for 1886 * on the following plan, %™™=*- 
which is in a form most useful for purposes of comparison 
(p. 74). 

The lines giving percentages are very helpful. We can at a 
glance compare the levels of wages in different industries. Thus 
in the cotton manufacture the average wage is 2s. higher than 
in the woollen; and in the cotton there is a large group of 
highly skilled workers earning from 30s. to 35s., while in the 


* More detail is shown in the Reports for 1906. 
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woollen nearly half are close to the average, earning between 
20s. and 25s. In the jute and linen manufactures the averages 
are nearly the same, but in the former a larger proportion are 
below the 15s. limit. In the silk manufacture there is an 
aristocracy as in the cotton, but it is smaller and better paid, 
for 12 per cent. earn more than 35s. This table is a master- 
piece of concentration and clearness. 

We will discuss next the tabulation of the figures relating 
to CHANGES in RATES of WAGES collected by the Labour De- 
partments. The following examples are taken 4 sion of 
from the earliest report; the form of the tables change of 
has been modified many times since then, anda ““*"™"™ 
study of these alterations can be usefully followed by turning 
through a file of the annual reports. The details collected 
on the earlier blank forms show the occupations and numbers 
affected, the dates from which the changes took place, and 
the wages and hours in a full week exclusive of overtime (a 
definition corresponding exactly to that used for the wage 
census) before and after the change. 


EXTRACT FROM TABLE showing the Changes in Rates of Wages and 
Hours of Labour of Ordinary Agricultural Labourers in Various 
Districts of the United Kingdom in 1894, so far as reported to 
the Board of Trade.* 


No. of Male 
Particulars of Changes i Particu! i Agricultural 
Summer Ware: Gin coms Winter Wages “Gin cs Be coy tala 
County and Union. pared with 1893.) pared with 1893.) Shepherds, 
————_____________. | Horsekeepers, 
Horsemen, 
Increase. Decrease. Increase, Decrease. Teamsters, 
Carters, in ‘gt. 
Per Week. | Per Week. | Per Week. 
LINCOLNSHIRE— 
Gainsborough - one ose bas 1/6(15/to 13/6 2,466 
Louth -— - we av sie 1/6(13/6tor2 3,932 
Spilsby > bad eee eee ese 1/6(13/6to12/) 3,288 
NorFotx— 
Aylsham . 7 oce 1] (12/ to 11/) eee oes 2,576 
Docking- —- we = 6d. (12/6t0 12/9 1/(10)-11/) Sa 2,487 
Flegg, East and 
est = ls bea 1/(12/ to 11/) see t/(11/to10/)| —-, 108 
Forehoe ° = eee eee eee 1/ (z1/ to 10/) 1,443 


* From the second Annual Report on Changes of WV 198-9; ali 
PN > nges of Wages, pp. 198-9; alittle 
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EXTRACTS FROM TABLE showing the Changes in Rates of Wages 
of Ordinary Agricultural Labourers in Various Districts of the 
United Kingdom in the Summer of 1895, so far as reported to 
the Board of Trade.* 


No. of Male Particulars of 
Apcca Changes in Sum- | Weekly Rate of Wages 


rers, F mer Wages (1895 in Summer 
vants, : : 
County and Union. ean we with 
Bones 1°94 
ones Decreases in 
cattamiers | Otalice” | sie | ates 
Per Week. s. d. s. @. 
DuRHAM— 
Stockton®* - * 437 Decrease of 6d.} 17 6 17, 0 
Teesdale - - 669T Advance of 6d.|_ 17 6 18 oO 
(Barnard Castle 
Rural Dist. ).* 
OXFORDSHIRE— 
Headington- - 1,118 Decrease of 1s.| 12 0 Ir oO 
Henley ae 1,587t Decrease of 15.| 12 Oto} If Oto 
(Hambleden Rura 14 0 13 0 
Dist., Bucks). 
NorRFOLK— 
Flegg, East & Wes 1,108 Decrease of rs.| 11 O 10 0 
Forehoe - ‘ 1,448 Decrease of 15.| 11 O 10 O 
Henstead_ - * 1,504 Decrease of Is. Ir o 10 Oo 
Mitford and Laun- 
ditch ‘ 3,622 Decrease of is.| 1 O 10 O 
Smallburgh - ‘ 2,264t Decrease of #s.| 1 O 10 Oo 
Swaffham - : 1,942 Decrease of 1s.} 1 O 10 Oo 
Wayland - ; 1,535 Decrease of 1s.| 1 0 10 O 
Labourers with- 
CARNARVONSHIRE— out food, ad- |g fe) 20 O 
Carnarvon - : 1,124t vance of Is. 
(Gwyrfai Rural Labourers with 
Dist. ). food, advance; | Ir oO 12 0 
of Is. 


* Agricultural labourers in this district are hired in March and April for a 
year certain, and the change noted applies to the whole year, and not to the 


summer only. 
+ The number of agricultural labourers, etc., is for the Poor Law Union, 


but the change applies to the Rural District only. 
t+ This number is partly estimated. 
The adjoining tables give examples of the way in which 
the changes in agricultural wages were tabulated in the Second 
and Third Report on Changes in Rates of Wages 
wages: Change and Hours of Labour. In the first table space is 
in tabulation. “wasted by devoting separate columns to increases 





* From the third Annual Report on Changes of Wages, pp. 118, 119, 12% 
(typography adapted). a 
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and decreases, with the intention of making the table distinct ; 
while it is not clear whether ‘“‘ Winter 1894” means the winter 
beginning in or that ending in that year. 

In the second table, which refers to summer wages only, 
the columns are rearranged; and increases and decreases 
printed in the same column, the latter in italics. In the Fifth 
Report all the information is printed in a clearer way, thus :-— 


WINTER 


Increase or Decrease per 


Week in 1897. 


Increase. Decrease. 


a. d. 
Tendring 3,133 10 





The tabulation is repeated for the summer. 

The weakness in these agricultural returns is in the numbers 
column. In the returns from other industries the numbers 
given are those actually affected, but in this case the sumber 
it is not found possible to obtain this number ‘4 
correctly, and the number entered is that found under “ agri- 
cultural labourers” in the 1891 census, which includes the 
various categories as given in the above table. When a change 
of wages takes place in a rural district, we may perhaps assume 
that it is likely to be general, though, if it was a reduction, it 
might not be made by the better employers; and though the 
change will not take place in the same week throughout the 
district, there is not likely to be much variation in this respect. 
The change was generally made at the time that winter wages 
gave place to summer, or summer to winter; and a slight 
increase or decrease may take place by making the winter 
reduction or the summer advance later than usual. On the 
whole, little error will be introduced by assuming that the 
change stated affects all the adult agricultural labourers in 
the district, and it is quite probable that a proportional change t 
will take place in the wages of horsekeepers, shepherds, and 
others, though it may not in the case of boys, or old men 
who are earning less than the district rate. The question, 

* From the fifth Ansual a 228 on Changes of he deg #5, P. 145. 


~ On these points see Mr. Wilson Fox's Repo ages and Earnings 
of Agricultural Labourers, 1900, p. 50, and pp. ae 


78 ELEMENTS OF STATISTICS 


‘“‘ Approximate number of able-bodied labourers in parish? ” 
is asked on the inquiry form, but as the answers are not used, 
it may be assumed that they are generally not given with 
sufficient exactness. 

The object of the whole tabulation is to show the change in 
the national weekly wages bill, but many details are lacking for 
the complete calculation. In the case of agricultural] labourers, 
we need, in addition to these data, accurate statements of the 
change of additional earnings, special payments, 
and payment in kinds. In all cases we need a 
more complete account of the whole wage-bill as well as the 
change. For agricultural labourers the material has been 
published by the Labour Department ; * every year it received 
returns from most of the 600 unions as to wages at all seasons, 
whether there has been a change or not. 

The looseness in the returns as to numbers does not prevent 
our calculating the change in the county or country rates, for 

Changessin the numbers in each district affected by the 

county rates. change may be expected to bear the same pro- 
portion to the numbers given in the census returns, as the 
number of agricultural labourers of the same class in the 
whole county or country does to the census number, and we 
are helped by the principles of weighted averages discussed 
in the next chapter. 

The calculation for Durham in the above table for the 
changes in summer wages 1894-95 may be performed as 
follows :— 


Lack of data. 













Proportional | Amount of change 
ange. number affected. on wage-bill. 


eens eeeremetammenll Rememnmemmnenttertamenttiesmmemmmmeeee Ce eee Pen ra 


Total change in county, + 1s. 6d. 
Proportional number in county, 73. 


Effect on county average, e = 3d. 


Here, for simplicity of calculation, the numbers affected are 
taken to the nearest 100, a process which is not likely to affect 


* On these points see Mr. Wilson Fox's Report on Wages and Earnings 
of Agricultural Labourers, 1900, p. 50, and pp. 111-157. 
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the average perceptibly.* This rough method is likely to give 
the result as accurately as the original data make possible. A 
similar process with suitable modifications can be applied to 
the changes tabulated for other industries. The summary of 
such returns for agriculture for all counties is as follows :— 


COMPARISON OF THE NET EFFECT OF THE CHANGES OF CASH WAGES 
per Week paid in the Years 1896 and 1895 in certain Districts 
in England and Wales. 





Wass IN 1896 AS COMPARED Wass 10 1895 AS COMPARED 





WITH 1895. WITH 1894. 
Net Effect of Changes Net Effect of Changes 
District. on Weekly Wages. on Weekly Wages. 


Increase (+) and a Increase (+) and 
Total ** Total 
Naimher: Decrease ( -). Number. Decrease 


Total. | Per Head. Total. | Per Head. 


ENGLAND— 4 s. d. L d. 
Northern Counties - | 5,662 | -43 | -0 12] 3,766 +44) +23 


Yorkshire, Lanca- 
shire,and Cheshire | 2,897 | +100 | +0 8} | 3,942 -126| —73 


Eastern and Midland 
Counties - - | 69,869 | +666 | +0 2} | 89,576 |-2,045 | —5} 


Southern and Wes- 
tern Counties - | 20,901 | -340 | -0 4 20,441 ~ 575 — 63 














WALES = * 7 eee (ry) eve 2,165 + 73 +38} 


EE | EE eS | OE | AES | ED 











“* The number given is the total of male agricultural labourers, farm servants, shepherds, horse- 
keepers, in 1891. in the Poor Law Unions in which the changes took place. 





* The corresponding calculations for Oxfordshire are :— 


12/ —1/ @ —11/ 
13/ —1/ 16 — 16/ 
—27/ 
Effect on county average, 221 m= —2d, 
For Norfolk :— 
12/ —1/ 134 
Effect on county average, ere om —4d. 


t From the fourth Annual Report on Changes of Wages, p. xliv. 
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The value of this table is not obvious. It seems of little 
importance to know how many persons were affected alto- 
Critiem ot gether; though it is of some value to learn from 
summary table. 4 previous table that 58,578 persons received 
increases, and 40,751 decreases in 1896. This total of persons 
affected is constantly given in these tables ; if a person receives 
an increase of 1s. one month, and loses it the next, he is counted 
as 2, and his contribution to the next column (net effect of 
change) is zero. This — £43 may mean that 2000 persons 
received a decrease of rs. each, and the remaining 3662 (same 
or different persons) an increase of 33d. each, or any other 
figures which would give the same total. The change per 
head in the next column is unimportant; it only shows an 
arithmetical quotient with no concrete meaning that can be 
expressed in words. If it was replaced by another quotient, 


viz., 43, where ” is the number of agricultural labourers in 


the Northern Counties, we should know the effect on average 
wages. In fact, the table would be more useful thus :— 


APPROXIMATE EFFECT OF CHANGES ON NATIONAL WEEKLY 
WacE BILL.: 


INCREASES. DECREASES. 


Net Total No. 
Change. Employed. 





The figures given supply an example of the common prac- 
tice of carrying out into detail a calculation which depends 
originally on incorrect numbers, in this case the number 
employed, and is therefore misleading throughout. Till the 
average (useless here in any case) is taken, the error in this 
quantity has no injurious effect. As shown above, the average 
here given could be replaced by another which would be of 
use, and which would be correct within limits that could be 
defined, and would be narrow enough for most purposes. 

Further, since the column of numbers affected is admittedly 
wrong, the figures should be given to the nearest r000 rather 
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than to units, even if no attempt was made to estimate the 
new figure; ‘‘ between 5000 and 6000 are affected ’’ is a more 
useful and correct statement than “* 5662 persons belonged in 
1891 to a class in some undefined way connected with that 
in question in 1896.” 

Since the introduction of the minimum wage in agriculture 
the whole problem has been modified and simplified. The 
foregoing analysis, however, still illustrates the adaptation of 
tabular methods to difficult and imperfect data, and shows 
how records of wage-changes in general were handled officially 
for at any rate twenty years. 

The discussion of Group C, the tabulation of non-numerical 
answers, must be postponed till we have analysed the nature 
and use of averages. 


CHAPTER V. 
AVERAGES. 


Ir is natural, in a book with the present title, to allot a 
considerable space to averages. By the use of averages 
complex groups and large numbers are presented in a few 
significant words or figures; and thus the two definitions of 
statistics, the Science of Averages and the Science of Large 
Numbers, are reconciled. 

Some writers have attempted to draw a distinction between 
averages and means, but no general agreement has been reached 

Averagesand aS to the exact senses in which the words are 
means. to be separately applied.* The best distinction 
may be made by deciding that an average is a purely arith- 
metical conception, such as the average length of life in a 
varied population, which does not correspond to any particular 
group, but is only a short way of expressing an arithmetical 
result ; while the word ‘‘mean”’ is to be applied to some 
objective quantity, such as the mean height of Englishmen, 
about which all height-measurements are grouped in a definite 
way. If this terminology is adopted, most of the discussion 
under A, B, C in the sequel applies to “‘ averages ’’ and under 
D, E and F to “ means.”’ 

A. ARITHMETIC AVERAGES.—We may rapidly pass by 
some of the common uses of the word ‘“‘ average,”’ and pick 
out those which will prove of use in statistics. An average is 
sometimes used merely to avoid big numbers. The average 
weight of the University crew is given, only because it is more 
usual to speak of a man’s weight being 12} stone than of eight 
men’s weight being 124 cwt., and it is easier to connect the 
former with men’s weight in general. Similarly, if we are 
comparing the value of the exportations of some commodity 

* Compare the article ‘“‘ Moyenne,” by Dr. Bertillon, in Dictionnaive 


encyclopédique des Sciences Médicales, with this chapter. See also the 
pape Ch r. Venn in the Statistical Journal, 1891, and chap. xviii. in his 
tc of Chance. 
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in two periods of ten years each, we should say that the yearly 
average in the period 1870-79 was {10,000,000, and 1880-89 
was {II,000,000, rather than that the totals were {100,000,000 
and £r10,000,000. This leads to the second ordinary use of 
the word. If we were comparing the ten years ‘the common 
1870-79 with the eleven years 1880-90, and the “minster. 
totals in the periods were {100,000,000 and £132,000,000 
respectively, we should obtain no grasp of the difference till 
we had reduced them to a common denominator by dividing 
by the number of years, and found that the averages in the 
two periods were {10,000,000 and {£12,000,000. This class of 
averages is well known in cricket ; sometimes the total number 
of runs made or wickets taken by each cricketer are stated 
also, but these are rather as so-called statistical curiosities 
than as having much bearing on the skill or luck of the players. 
The numbers by which the seasons’ performances are judged 
are the quotients of the number of runs by the number of 
innings, of the number of wickets by the number of runs, and 
so on, all quantities being reduced to a common denominator. 
The average in this sense is very common in mechanics. The 
average pressure per square inch, the average work done by 
an engine per minute, the average speed of a train, are quan- 
tities which it is frequently necessary to use. Such an 
expression as the average rate of interest is precisely similar. 
It will be clear that percentage is a special case of this 
use of average. It is useless when comparing the growths 
of population or of trade to give only the whole averages as 
numbers. An increase of 50,000 in the population 
of London is not so significant as one of ro,000 in that of 
Harrow; they must be expressed as increases of 1 per cent. 
and 60 per cent., say, before their meaning can be appreciated, 
and this is the same thing as giving the average increase to 
too inhabitants. For this reason the records of births, deaths, 
and marriages are always given as rates—so many per 1000 
inhabitants; and in these cases a double average is given, for 
the rates signify so many per 1000 inhabitants per annum. 
Another extension of the same use is found when quan- 
tities are reduced to rates “‘ per head ” of the population. This 
use is solely for comparison, and the principle employed is 
that of the common denominator. It would be futile to state 
that the amount spent on drink was, say, {100,000,000 in 
G 2° 
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1860 and {110,000,000 in 1890; but the corresponding state- 
ments that the amounts were £3 ros. per head in 1860 and 
£2 15s. per head in 1890 would make a comparison possible. 
In preparing any comparative summary of figures, it is always 
necessary to consider whether such an average should be taken. 

Preliminary So far, the averages considered are simply 

definition. arithmetical, and satisfy the following definition :— 


Average Xnumber to which tt applies=total quantity dealt with. 
e.g. | Average weight X number of crew=total weight of crew. 


The following question, however, will lead us further. The 
Its inapplicee average weekly agricultural wages in 1892 in 
bility. Wilts, Dorset, Devon, Cornwall, and Somerset 
were I0S., I0S., 13S. 6d., I4s., IIs. respectively. What was 
the average in the south-west of England? 
The simplest method is to say, the average was 


Tos. 10s.+ 138. 6d.-f T4s.+ 115. _ 588. 6d. ay. gaa 
F . 84d. 
and for many purposes this would be sufficient; but it does 
not satisfy the above definition. For when we ask the double 
question ‘‘ 11s. 8-4d. multiplied by what number equals what 
total? ’’, we can only answer that 11s. 8-4d, multiplied by the 
number of items equals the sum of items. 

We must consider further what we understand by the 
expressions “average wage in each county,” and “ average 
wage in the group of five counties.” 

It may be supposed that the average wage in Wilts, for 
instance, was compiled by getting returns from different 
villages, say I2S., IIs., gs., gs. 6d., Ios. 6d., gs., gs., adding 
them and dividing by the number of villages. This of course 
satisfies our definition no better than the former. What is 
to be understood by the average in each village? If our 
present definition is to be satisfied, it should be the total of 
the wages paid in the village divided by the number of workers. 
It is hardly necessary to say that this total is never found in 
such an investigation, and the average is given from observation 
or by guess-work, not by calculation. 

If, however, the village average was correct, and we had 
returns from all the.villages in the county, we should find 
the county average as follows :— 


4a/X 200-+11/ xX 150+9/X 900+-9/6X 150+10/6X 400+ 9/X200+9/%900 1.545 


900-+150+- 900+ 250-4 400-4+-200-+ 200 
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where the numbers in the denominator are the numbers of 
labourers in the respective villages. We should then have the 
same result as if we had had the wages of all the labourers 
in the county put down on a sheet, added up, and divided by 
their number, and the average would satisfy the definition. 

It is clear that we can simplify this arithmetical work, 
for if we divide throughout by 50 we get the same result; 
this is as if we said there were 4, 3, 6 . . . labourers in the 
villages instead of 200, 150,... Thus we get the same 
result if we take numbers proportional to the total numbers 
of the labourers instead of the actual numbers. This plan 
has two advantages: first, that though we do not know the 
numbers of labourers, we know numbers nearly proportional 
to them, viz., those included in the census returns under the 
general headings relating to agriculture; and secondly, we 
need not choose our numbers with absolute exactness; thus 
the numbers of labourers above given may be supposed to be 
round numbers substituted for 213, 145, 320. . .; and it will 
presently be seen that such differences hardly affect the 
average. We idealise the village, and suppose it to contain 
round numbers; and then for the numerical work take simple 
numbers proportional to these. This is important as simplifying 
numerical work. 

Averages obtained for the county in this way do not abso- 
lutely satisfy our definition, but are very nearly equal to 
those that do. We can then proceed to take the average for 
the south-west of England on the same principles. 

A common case is when the data are given as so many 
instances in successive grades, as in columns 1 and 3 in the 
following table. To obtain the arithmetic average it is neces- 
sary to make some assumption as to the distribution of the 
instances within the grade. It can be shown 
that in ordinary cases, especially where the 
numbers tail off rapidly at both extremities, a high degree of 
accuracy is obtained by setting out the work as if the numbers 
in each grade were concentrated at the middle point of that 
grade; in fact the average in each grade is generally nearer 
the centre of the group than is the middle point of that grade, 
but the resulting errors on either side of the centre tend to 
neutralise each other. The work is generally simplified by 
taking the breadth of the grade (five years in the table) as 


Graded data. 
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unit, and measuring from an origin selected at the middle 
point of a grade in which the entries are numerous (grade 
40-45 years, middle point 42} in the table). The average 
distance from this origin (obtained by dividing the total of 
column 4 by the number of cases) shows the distance of the 
average from the origin in terms of the unit, whence the 
average is readily calculated on the original scale. 


AGES OF MARRIED MEN IN ENGLAND AND WALES, IQII. 












Cumulation, 
















Middle Points of 
Grade measured Number of Product of 








Grade : : 
from Origin, | Married M Numbers in 
Years. tot vena oie f000 Cols. 2 and 3. 
Unit, 5 Years, 

Col. 1. Col. 2. Col. 3. Col. 4. 
15-20 —5 o re) 
20-25 —4 33 —132 
25-30 —3 112 — 336 
30-35 “—- 152 ~~ 304 
35-40 —I 154 —154 
40-45 oO 136 fo) 
45-50 I 118 +118 
5°-55 2 96 192 
55-60 3 74 222 
60-65 4 54 216 
65-70 3 37 185 
70-7 § 6 21 126 
75-80 7 9 63 
80-85 8 3 24 
85-90 9 I 9 
90-95 10 fe) fe) 

1,000 +1,155 
— 926 
229 








Average: 424 + — of 5 = 43°645 years. 
Diagrams illustrating this table are given facing p. 130. 


B. WEIGHTED AVERAGES.—This discussion introduces and 
gives an example of the very important statistical method 
known as “ weighting the average.””’ We may illustrate it 
further from the same figures by considering what weights to 
apply to get this average for South-West England. We may 
find the number of agricultural labourers in the counties 


and work out the average thus : “SS 20,000 fF Tos. x 30,000 + 
20,000 ++ 30,000 + ; 


or we may argue that since we have no means of knowing the 
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exact numbers of labourers we may as well arrange the weights, 
according to the importance of the counties, say 20,000, 
30,000, etc., from some other point of view, and take numbers 
representing such quantities as the amounts of wheat pro- 
duced, the area, or the rate of increase of population. In 
this particular case these methods would be absurd, but in 
other problems the weights are not so obvious. Suppose, for 
example, that we are considering the attraction of London on 
the inhabitants of various counties; that we are told that so 
many immigrants arrive from Essex, Norfolk, and Suffolk, 
and so many from Stafford and Worcester, and we are asked 
to compare the attractive power on the agricultural and manu- 
facturing counties. Should we weight the numbers given by 
the total numbers of inhabitants of the contributing counties, 
or by their distance from London, or by some quantity derived 
from these ? 

The idea is made clearer by the mechanical analogy in 
which the word werght originated. Suppose a uniform weight- 
less rigid rod graduated in 100 equal divisions,  sechanical 
and equal weights hung at the goth, 50th, 60th, ustaton. 
“oth, and 8oth divisions from one end; the rod will then 
balance at a point corresponding to the unweighted average, 
60 intervals from the same end. Now, suppose the equal 
weights replaced by weights of 7, I, 3, 2, 4 lbs. respectively, 
and the rod will balance at a point corresponding to the weighted 
average, 57°I intervals from the same end. The further any 
particular mass is moved, or the heavier it is, the more the 
centre of gravity will be shifted; and this clearly corresponds 
to the influence we should wish the various wages to have in 


the statistical problem. The formula in use in Statics x = 


on, which corresponds to the arithmetic on the previous 


page, can also be used in Statistics. 

The discussion of the proper weights to be used in this and 
other averages has occupied a space in statistical literature out 
of all proportion to its significance, for it may be said at once 
that no great importance need be attached to the special 
choice of weights; one of the most convenient facts of statis- 
tical theory is that, given certain conditions, the tne smal effect 
same result is obtained with sufficient closeness  weehu 
whatever logical system of weights is applied. We must 
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postpone the complete mathematical analysis of this proposi- 
tion, but may offer immediately some algebraic formule and 


arithmetical illustrations. 
wae W,, W,... We for the weights applied to » quantities M,, 
_M 


a: ne 
M,+W eas 
Then the weighted average, Mz, = SA ee 
Let # be the average of the M's, and let M,=A+m,, Ms=M+m,.... 
Then #% =M,+M,+..-. = nm +m, +m, + +, SO that m, +m, 
Similarly if ® is the average c of the w’s, and W, = +, etc., nB7=W,+W, 
+... , and wm+mg+... =0. 
Then’ pare ae , Ma = (Gm) (+m) + (040, (M-+m,)+ . 
.nd. M,=nbAi+mi(w,+w,+ . -)+G(m,+m+ .. .) 
+wym,+wymy+ . 3 


| My—A=— (en, +t mgt . 
The difference betwen the weighted average Me) and the unweighted 
average m depends therefore on the average of terms such as ms 


- mM. 
The sum of the w’s and the sum of the m’s is zero, and of the w’s and of the 
m’s many are negative and many positive. It is only when like signs are 
more commonly found in a pair of m and w than are unlike signs that the 
whole expression for the difference between M, and mM becomes at all 
important. 

In the following table nom the Wage Census (see page facing), m is 
24s. 2d., My=24s. 7d., n=38, w=g4™, and writing the weights to the 
nearest roo and the wages in pence we have the following values, the trades 
being taken in the order of the table :— 


wm. 


3 


+228 +13 +2,964 | +433 + 41 +17,753 
+ 28 —12 — 3360 | +149 — 4! — 0,109 
— 24 —10 + 240 | +156 + 306 + 6,696 
— 26 —53 +1,378 | — 42 + 7 — 29 

— 66 —58 +3,828 | — 32 + 4 — 12 

— 82 — 8 + 656 | +323 + 19 + 6,137 
— 92 —23 +1,656 | + 13 + 61 + 793 
— 81 +29 —2,349 + 21 +111 + 2,33! 
— 83 + 3 — 249 | — 73 3 ae =. aa 
— 88 +37 —3,250 | — 76 + 65 — 4,940 
— 67 —48 +3,216 | — 89 + 50 — 4,450 
— QI —36 +3,276 | ~— OL + 75 — 6,825 
+580 —I5 —8,709 | — 77 + 28 — 2,156 
— 44 —92 +4,048 | — 65 + I —- 65 
— 64 +10 — 640 — 10 + I — 10 
— 25 —25 + 625 | — 76 — 45 + 3.406 
— 71 —27 +1,917 | — 62 — 16 + 992 
— 54 — 4 + 216 | — 83 — 14 + 1,162 
— 89 — 66 +5,874 | — 72 + 12 — 864 


Sum of 21 positive products-+ 69,25 |. 
Sum of 17 negative products—41,444. 
Sum of ar 38 products=27,810=7', aut ce 


M,=ni+ == of 27,810m24s, 24, +e a. ==245, 6°96d.=245. 7d. to nearest 
penny, as in the table. 


The table on the next page affords an example of this 
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EXAMPLES OF THE SMALLNESS OF THE CHANGE INTRODUCED BY 
DIFFERENCE IN SYSTEMS OF WEIGHTING. 


From the Wage Census, 1886, 





Trade. 





Cotton Manufacture” - : 

Woollen " 

Worsted and Stuff Manufacture 

Linen Manufacture - : 

Jute 

Hemp, &c., 

Silk 

pi 
losiery 

Lace 


Small wa 
Flock nd { Shoddy Manufacture - 
Coal, Iron Ore, and Ironstone 
Mines - : - 
Metalliferous Mines : 
Shale Mines and Paraffin Oi! Works 
Slate Mines and Quarries - 
Granite Quarries and Works 
Stone Quarries - ° 
China, Clay, oer Works ° 
Police - : 
Roads, Pavements, and Siwers 
Gasworks - ° : : 
Waterworks : ° 
Pig Iron (Blast Furnaces) - 
General Engineering Iron and 
Brass Foundries and ERPACHUREEY 
Trades - : 
Shipbuilding, Iron and Steel 
Tinplate Works - : 
Saw Mills -— - 
Brass Works and Metal Wares 
Shipbuilding, Wood -~— - 
Cooperage Works ° 


= 
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Coach and Carriage Building 
Boot and Shoe Making: . 
Breweries - ° 


Distilleries - : 

Brick and Tile, &c., Making 

Chemical Manure Works - 

ga ak if Carriage = maces 
ing ® 


Average 
Wages 
(Men). 


Number 
Included 


hae 


Employed | 4 


phen 
known. 


in Returns | Unit 1,000 
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32,189 
12,248 
7:005 
6,807 
2,799 
1,232 
2,248 
1,292 
1,070 
593 
2,734 
330 


67,429 
5,046 
3,021 


6,933 
2,315 
3,956 


§2,032 
24,276 
27,965 
§,187 
6,234 


41,658 
10,661 
1,514 


1,8 38 
454 


1,664 
2,902 
§, 306 

1,795 


1,054 


2,239 
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principle,* and is worth careful study. At the commencement 
Example from Of the Wage Census, circulars were sent to all the 
the Wage Census. principal firms in all well-located trades, asking 
for details as to wages. Of these some were not returned, 
and the numbers allotted in the Final Report to each trade 
are not the numbers which actually belong to the trade in the 
whole country, but the numbers of those in the firms which 
made returns. The average wage given is not therefore the 
arithmetic average for these trades for the whole country 
corresponding to the definition given above for average, but 
the average of the average wages as returned in each trade 
weighted by the numbers for whom returns were made; so 
that the average wage given for the whole group of trades 
might have proved to be different, if with the same average in 
each trade the returns had been complete. It is very unlikely, 
however, that there would have been any great difference. 
In the table several systems of weighting are used; the first 
are the numbers in these returns, giving an average, 24s. 7d. ; 
the second are the numbers belonging to each trade according 
to the census when they are above a certain minimum, giving 
an average 25s. 3d.; the third is a purely arbitrary list of 
figures taken from a source which has no connection with 
wages, and the average is 24s. 5}d.; the last is the unweighted 
average, that is, all the weights are equal, and the average is 
now 24s. 2d. These averages are close together, while the 
original items vary from 16s. 6d. to 30s. 5d. It is to be noticed 
that the true weights are not known in this case, but that 
owing to this principle we are able to dispense with them 
entirely. 
The problem dealt with in the next table is to find the 
average weekly agricultural wage in England and Wales from 
— the returns for Michaelmas 1869 and Lady Day 
ashlar 1870, given in columns r and 2. There are very 
mary eee many different ways of taking this average, some 
of which are as follows :—Take the average of 
summer and autumn for each county, as in column 3, and then 
the unweighted average of these 45 numbers; this is 12s. 7d. 
Suppose the summer wage to be paid twice as long as the 
autumn wage, as in column 4, and proceed as before; the 





* From the Statistical Journal, December 1897, with corrections. 
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average is 12s. 5}d., the slight difference being due to the 
inclusion of harvest payments in the Michaelmas wage, which 
makes them higher on the whole than the summer wages. 
Again, divide the counties into geographical groups, take the 
simple average for each group (the figures marked a in column 3 
and 6 in column 4) and weight these by the figures marked c 
in column 5, the numbers of agricultural labourers in each 
group; the average of the a figures with the c weights is 12s. §d., 
of the 0} figures with the c weights is 12s. 4d. Again, weight 
the figures for each county in column 4 with the numbers in 
column 5, the most obvious method of all; the average is then 
12s. 4d. Again, take the simple average of the district averages 
a and 6, that is, give each of the eight districts equal weights ; 
the averages are 12s. 43d. and 12s. 3}d. Or take the simple 
average of column 3, counting Yorkshire and Wales each as 
one county; it is r2s, 8d. 

To obtain new groups, take as weights not the number of 
agricultural labourers, but the total population of the districts, 
the numbers marked d. Exclude the population of London as 
exerting a preponderating influence unconnected with agri- 
culture. A new factor is now introduced, for population is 
greatest in the manufacturing districts, where agricultural 
labour is of comparatively little importance, but receives high 
wages; these high wages have undue weight, and the average 
of the figures 0 with weights d is brought up to 13s. 13d. If 
column 4 is rewritten correct only to the nearest Is., and 
column 5 to the nearest 10,000, the weighted average is 12s. 5d, 
If column 3 is weighted with random numbers quite uncon- 
nected with the problem, viz., the successive digits in the third 
decimal places of the logarithms of the numbers 2 to 46, the 
average is 12s. 10d. The reader may try any other system 
of logical or absurd weights, and he will find that unless there 
is some bias in the selection of weights, or great preponderance 
is given to a few counties, that the average will be little affected. 

Since the true system of weights which would reduce the 
general average to our definition must be allied to some of 
those here adopted, and can hardly show greater divergence 
from 12s. 4d. than these do, we may feel confident that the 
true average is within, say, 3¢. of this figure. The original 
items varied from 8s. 6d. to 19s.; the averages, even those 
based on the most extravagant methods, are contained by the 
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limits r2s. and 13s. 134. Without some such argument as 
this we should have no clue to the magnitude of the error 
introduced by erroneous weights. It is never safe, however, 
to assume that weights can be neglected, and an unweighted 
average used, without first examining the group in question, 
trying various systems, and seeing that the west cannot 
resulting average is stable. This will only be _ ineneral be 
the case if there is no connection between the size ae in 
of the quantities and the true magnitude of the ‘tb «timation. 
weights. Thus if we are dealing with wages in towns, and are 
calculating the average for all towns taken together, we shall 
obtain too small a result if we ignore weights and count all 
towns as equal, for the higher wages are paid in the larger 
towns. Thus, as on pp. 118-9 below, the average of the 
recognised wages of 117 branches of the Amalgamated Society 
of Engineers was 32s. 4d. in 1891 if we count all the branches 
as equal; but was up to 33s. 4d. if we weight the wage at each 
of the branches with the number of members belonging to it. 
But, though we cannot neglect weights entirely in such cases, 
we need to make only a very rough estimation for them if 
there is no preponderating influence exerted by a small minority 
of places. In this case London, with a wage higher than any 
other district, except Dartford and Enfield Lock, and with 
nearly one-sixth of the total number of members dealt with, 
exerts such an influence. If, giving London its due impor- 
tance, we take as weights the numbers belonging to the branches 
to the nearest hundred, we obtain the average 33s. 6d., prac- 
tically the same as before. Each group for which an average 
is to be calculated must be treated on its merits; in many 
cases the weights may be neglected entirely; in nearly all 
cases, where the group consists of many items, even moderately 
large errors in computing weights may be neglected. Exami- 
nation of the data will generally determine the importance of 
such errors. 

This principle is of great importance. In many cases the 
true weights are incalculable or even undefinable; but now it 
is seen that, given certain conditions, there is no need to cal- 
culate or define the weights; in many other cases the weights 
cannot be known exactly, but exactness is not necessary. No 
system of weights, however, can remove an original bias 
common to all the items. If, for example, wages throughout 
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were rs. less than here reckoned, the calculated average would 
be rs. too high. So we arrive at a very important precept : 
tn calculating averages give all care to making the ttems free 
from bias, and do not strain after exactness tn weighting. 


C. STATISTICAL COEFFICIENTS.—A Statistical coefficient is 4 
number, whole or fractional, by which a total (e.g., population) 
must be multiplied to give an allied number (¢.g., number of 
births). Thus if the birth-rate is 28 per rooo, the coefficient 
is 028. These coefficients play an important part in ordinary 
statistics and a very interesting réle in the application of the 
law of error to demography. The population may increase 
or diminish, but the coefficients relating to certain numbers 
fluctuate within narrow limits and only after a considerable 
period show any significant change in normal times; and by 
their use the statistics of different countries can be compared, 
and numbers for future years can be forecasted in some cases 
with marvellous accuracy, subject only to the chance of some 
great catastrophe. Coefficients can be formed for births (in 
various districts), for deaths (according to age, profession, or 
disease), for marriages (at various ages), for suicides, crimes, 
accidents, consumption of various commodities; if the pre- 
liminary data could be obtained, for the number of persons 
crossing Westminster Bridge in the year, the number of visitors 
to the Monument, the number of umbrellas left in the train, 
and so on; the list could be prolonged indefinitely. The more 
important coefficients are calculated for most civilised countries 
and published in statistical reports. A knowledge of them is 
necessary for statistical investigations. 

It is clear that such coefficients are essentially only a special 
way of writing a certain class of arithmetic averages, and with 
reference to them we may discuss more generally the relation- 
ship between the terms used on p. 84. 

Average (A) X number to which it applies (N) = total 
quantity (Q) dealt with, 


or A=2,Q=NxA. 


Thus in the case of births A is the coefficient, N the popu- 
lation, Q the number of births. 

So far as is practicable, a movement of Q should reflect 
change in only one factor. If N is the whole population, Q 
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will be affected by changes in the sex and age distribution of 
the population, and by the number of marriages and age at 
marriage, as well as by fecundity. Methods of securing strict 
comparability between the denominators in the cases of birth, 
marriage and death rates (by means of correcting factors *) 
are in common use. When these methods are not applicable 
we may fall back on the rule given by Bertillon (Cours élémen- 
taire, pp. 94 seq.), effects (Q) should be compared with their 
immediately productive causes (N); thus in the case of mar- 
riages, the question should be put “‘ what persons are capable 
of marrying? ”’ and the answer is adult bachelors or spinsters 
or widowers or widows, and the total of these groups gives N. 
The rule may be extended to include persons or things indirectly 
concerned or affected; thus the output of coal may be con- 
sidered in relation to coal-hewers (the immediate producers) 
or to all employed at coal-mines, and the output of domestic 
coal in relation to the number of private consumers.t To 
eliminate all factors but one, the entries in the numerator 
should be homogeneous, the entries in the denominator should 
be homogeneous, and the potential relation of a person or 
thing included in the denominator to one in the numerator 
should be uniform. For example, the average value of exports 
per head of the population satisfies none of these conditions ; 
exports make a heterogeneous mass, the population consists 
of both sexes and all ages, and only part of the productive 
power of the nation is directed to the foreign market. 

The crude coefficients and averages, however, have their 
use; if they change, some factor or factors have changed, and 
if it is known that all but one are nearly constant, the coeffi- 
cients move with an identified factor. Thus if N is the 
population, » the number of marriageable persons, and M 
the number of marriages, the crude coefficient is given by 


M n 


c=-)=% xX Hy if 5; is constant C varies with M the more 


logical coefficient. 


D. TuE MopE.—We pass to the consideration of two other 
means in common use among statisticians but unfortunately 


SE Sea pane oe pe a RDI OD DRL OL SR PNR OS OS OPO I 
* See Elementary Manual of Statistics (by the present author), pp. 105-7, 
and Statistical Journal, 1906, pp. 34-147. 
See a discussion on homogeneity, comparability and relativity, Statsstical 
Journal, 1908, pp. 463-8. 
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not yet consciously introduced into common parlance. There 
are, however, some popular phrases which, if they have any 
definite meaning, very nearly resemble the averages in ques- 

The average tion. When we hear of the average clerk, the 

mate average working-man, the phrases admit many 
interpretations. In some way these persons are supposed to 
be types of their kind. The average clerk may be supposed 
to mean the one who receives the average income of all clerks, 
whose expenditure on necessaries and on luxuries is the 
average of all of his class, who takes the average amount of 
interest in his work, if of average ability and average age. ~It 
will be seen that this clerk is ideal, and not to be found in any 
random assembly of half-a-dozen; for each of these will have 
some peculiarity, some quality in which he differs from the 
average; the average man of the newspapers does not exist 
in the flesh, but is an imaginary person to whom certain 
attributes are attached. 

Quetelet’s average man is familiar ; * he is of average height, 
weight, strength, girth and lung capacity, with eyes of normal 

Quetelet's range and medium tint; but he is a more satis- 

averageman. factory model than the newspapers’ average, for 
in regarding him we see the type from which all other men 
may be supposed to have deviated; the creature that would 
have been produced if all disturbing causes were removed. 
That any actual person should answer exactly to all these 
standards is of course in the highest degree improbable. 

Quetelet refers neither to the arithmetic average, nor to 
the median or the mode (defined in the sequel), but to a mean 
about which all the similar measurements are grouped in 
accordance with a definite law, the obedience of anthropo- 
metrical measurements to which was his chief theme. 

The newspaper average, on the other hand, seems to be 
the mode, the position of the greatest density, which may be 
explained as follows :—Referring back to the table 
of American wages, p. 69, or to the table on next 
page, it will be noticed that in looking down column 2 we find 
the numbers increase till we come to 685 (between $1.15 and 
$1.24), and then after fluctuations diminish. This number, 
685, is the greatest which occurs in any 10-cent group. 


* See Quetelet’s Physique Sociale; and Edgeworth in Statistical Journal 
December 1893. iid . ney ‘ 


The mode. 
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Numbers of Wage-Earners from the Senate Report, 1893, O.S.A 
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The value of the graded quantity in a statistica] group (of 
wages, heights or some other measurable quantity) at which 
the numbers registered are most numerous is called the 
mode, or the position of greatest denstty, or the predominant 
value. In the case of a group that is represented by a 
continuous curve the value is the abscissa of the maximum 
ordinate. 

In: this column 2 we have, however, 14 maxima in the 
correct sense of the word, the numbers rise and fall with little 

Method of TeGularity, and there are 14 modes of which that at 

determining $1,15-$1.24 is the most pronounced. But if the 

the move. groups are made wider, and the numbers entered 
as in column 6 in half-dollar limits, there are only three modes, 
or if we neglect the small group of 8 at $5.00 only two. The 
position of the largest group of 1472 is not at once assignable 
more closely than as between .75 and 1.25. 

A further method of approximating to the mode may be 
illustrated as follows :—When the numbers are tabulated in 
ro-cent groups, as on p. 97, the mode is quite indeterminate ; 
in 20-cent groups the successive numbers beginning at .25-.44 
are 16, 144, 270, 370, 989, 557, 538, 531, etc., and the number 
989 (in the group $1.05-$1.24) is a distinct mode; if we begin 
the 20-cent groups at .35-.54, the numbers are 74, 242, 282, 
505, 784, 924, 274, etc., and 924 (in the group $1.35-$1.54) is a 
mode; by this double tabulation it is seen that the 20-cent 
grouping does not decide the mode. In 30-cent groups we 
have 355, 674, 1242 ($1.15-$1.44), 740, etc., if we begin with 
$.55-3.84; we have 439, 1190 ($.95-$1.24), 1023, etc., if we 
begin with $.65-$.94 ; and 483, 1088 ($1.05-$1.34), 996, etc., if 
we begin with $.75-§$1.04 : the mode by each of these groupings 
lies in a group which contains $1.15 to $1.24, and this smaller 
group may be assumed to contain the mode, which is thus at 
or near $1.20. The example here taken is drawn from a group 
of very irregular figures, which specially illustrate the diffi- 
culties. The method just adopted may be summarised thus :— 
Tabulate the figures again and again in gradually widening 
groups till regularity is obtained; then examine again the 
groups which have the selected width and see if the mode is 
shifted when the lower limit of the grouping is moved; if it 
is shifted the groups are not wide enough ; if it is not, the mode 
is in the smallest group common to the larger equal groups 
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which all contain it. A diagrammatic method is described 
on p. 138. 

Even when our numbers are initially regular, it is seldom 
easy to determine the mode exactly. The diffi- , paniteness 
culty is best seen by an example. Suppose that sind gore 
we have the following returns as to heights of 
a large number of men :— 


67 ing - = 455 
67t,, - = 475 
673, - - 490 
67? , - + 500 
68 ry) = as 485 
68} ” 7 ° 467 
684 ” - . 445 


At first sight the mode appears to be at 67? in. exactly; but it 
must be remembered that even in accurate measurements all 
heights within 4 in. of 672? in. will be entered as 67} if the 
measurements are taken to the nearest quarter inch, or will 
have been tabulated in this way if the measurements were 
more accurate. Hence 67} in. in reality stands for from 67§ to 
67Zin. Ifthe 500 heights so entered were distributed uniformly 
through this interval, the mode might be given with 673 in. 
with fair accuracy; but there are signs in the figures that the 
mode is below this. Suppose that the figures in reality come 
from the following measurements :— 


From 67} to 67} in. 238 
‘ ort ; ert 245 } 483 at 674 in, 
? 73 » 245 \ 
: 6 ‘ a "aso J 495 at O7k 
sd 7 #9 7 »” 250 
9? 67% ” 68 ‘3 243 } 493 at 675 ” 
m 68 a 68% ” 242 


and that these had been tabulated as in the last column, the 
mode would appear as 67§ in.; while the same figures tabu- 
lated as before gave it as 67} in. The probability of some such 
shifting is seen from the original grouping, where the number at 
67} in. is greater than that at 68 in. From this discussion we 
may see that the mode is always a little indefinite, depending 
on the width of the groups in which the items are tabulated, 
and on the exact position of the limits of the groups. As the 
H 2° 
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items we deal with become more numerous, we shall find 
regularity when they are tabulated in narrower groups, and 
the mode can be assigned with greater accuracy. 

A mathematical method (p. 228) suggests that the mode of 
such a group as given by the heights can be determined by 
dividing the interval containing the mode (67§ to 67% in.) in 
proportion to the differences between the numbers registered 
in this interval to the numbers in the adjacent interval, viz. : 
500-490 : 500-485 = 10:15. The mode so computed is at 
(675 + Eee of t) in. = 672% in. By this method if two 
intervals contained the same numbers the mode would be 
placed at the value dividing them, and if the numbers on 
either side of that containing the greatest number were equal 
(if the grouping was symmetrical) the mode would be placed 
at the centre of the middle interval, in both cases as we 
should have determined a priort. 

Now is the ‘‘ average workman ”’ the man who earns $1.73 
per diem, the simple average of the whole group on p. 69, or a 

The “average Man making $1.20 the mode? In ordinary speech 
man.” _ the latter is meant. The ‘‘ average clerk” is not 

the one whose measurable qualities are an arithmetic mean of 
all similar qualities, but one whose qualities are found in the 
same degree in the greatest number of his fellows. There are 
more clerks who read the evening paper than who read Homer, 
more who go to music-halls than to oratorios, more whose 
incomes are {100 than {500, more who live four miles from 
the City than one or twenty. Even with this explanation the 
average man is not a real creature, for fortunately no individual 
has no qualitiesout ofthecommon. The fact that the average 
is a pure abstraction is of importance directly we apply statis- 
tics to actual affairs; these American workpeople cannot be 
legislated for in the mass as if they all earned $1.20, or as if 
those who were alike in this did not differ in other respects, 
even doing very varying quantities of work for this wage. No 
single measurement expresses completely even the economic 
Importance of CONdition of a group of workmen, but if we are 
the mode. taking a single measurement, that of the ‘‘ mode ”’ 

is often the most useful. It is at the mode that we find the 
greatest number of whose greatest good we may be thinking. 
Whereas the arithmetic mean and the “ median” (defined 


AVERAGES ror 


below) may correspond to no reality but be merely numerical 
conceptions, the mode is precisely that number for which most 
instances can be found. It shows the commonest result, that 
most often obtained, and is of very general application. For 
an intending passenger by train or ‘bus, it is more important 
to know the most ordinary than to know the average number 
in a compartment. The mode rather than the average in 
chest measurements is the number most suitable for the 
ready-made clothier. For providing a post-office or a store, 
the mode in postal orders or prices of tea needs to be known 
rather than any other average. Even the favourite coin in a 
collection may show the spirit of the congregation better 
than the arithmetic average of their contributions. In these 
last instances it may be noticed that the mode is quite definite. 

A special feature of the mode is that it is entirely unin- 
fluenced by extremes. A cheque for £1000 in a collection 
disturbs the arithmetic average, but not the advantages of 
mode. The incomes of a small number of mil- ‘e™é- 
lionaires and an army of paupers may have the same arithmetic 
average as a nation composed entirely of people moderately 
well off; but the modes will be very different in the two cases. 
In considering the change year by year in a group of figures, 
as for instance, the wages of a large group of workmen, we 
cannot tell, if we take the arithmetic average as our criterion, 
whether an improvement is due to a levelling up of the badly 
paid or a rapid increase for those who were already well off, 
while the mode will show the changing position of the main 
body. Mr. Booth’s London is crowded with instances of 
the use of the mode. Each age diagram shows the mode in 
ages for an occupation; each wage list that in wages. His 
whole description of Class E, the typical workmen of modern 
towns, is based on the same principle. His measurement of 
social status, based on the number of rooms occupied or servants 
employed, can be used easily for stating the mode (four rooms 
to a family and no servant) but not any other average. 

An objection to this average is that there are many groups 
of figures to which it is not applicable. If we have a very 
irregular group of numbers with no particular 
type, such as the populations of towns in Eng- 
land, the mode would be quite indefinite, and would give no 
information of importance. The use of the mode is to indicate 
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the type from which other figures may be regarded as diverging. 
Thus, in these wage figures, the type is about $1.20, and other 
examples lie on either side, wages of men who have for some 
reason or other more or less than the normal degree of skill 
or opportunity. If there is a type, as in Quetelet’s instances, 
the mode will show it. The mode only tells us one fact, 
however, about each type, and it is necessary to supplement 
it with other measurements. 


E. THE MEpIAN.—When we are dealing with a group of 
persons or things, each of which possesses some measurable 
attribute, such as height or wage, we can choose certain quanti- 
ties which describe the group in brief. Suppose all the items 
arranged in a series in ascending order of the magnitude of 
this attribute; the magnitude appertaining to the item half- 
way up the series is called the median.* Thus if in a group 
of wage-earners 200 earn less than 20s. 3d., one earns 20s. 3d., 
and 200 more, 20s. 3a. is the median wage. There are as 
many items below 20s. 3d. in the supposed series as above it. 
The magnitudes one-quarter and three-quarters up the series 
are called the quartiles ; * those one, two . . . nine-tenths up 
are the deciles; those one, two... ninety-nine hundredths 
up are the percentiles. The median is more definite in position 
than the mode. When we are dealing with exact measure- 
ments, if we have an odd number of items it is the middle one, 
if an even number, it lies between the two middle items, 
which are in general near together, or coincides with them if 
they are equal. If the magnitudes are not given exactly, 
but as within small limits, we can by the method described on 
pp. 106-7 make a good estimate of their actual values. The 
median is not affected by exceptional entries at all; the exist- 
ence of any number of millionaires has no more effect on the 
median income than of an equal number of any other persons 
whose incomes are above the median. For many purposes 
it is of course necessary to allow these extreme instances more 
weight than those which are nearer the average; but the 
arithmetic average often gives them undue weight for this 
democratic age, since a single millionaire can counterbalance 
thousands of ordinary working men. A further advantage is 
that it is extremely simple to find, not needing much arith- 


* These quantities have already been used in tabulation, p. 70 
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metical work, for we need not do more than count those well 
above and well below the average, and look more carefully 
at those near it. 

There is a yet more important advantage in the use of the 
median; it can often be found exactly, when our information 
as to the items in question is neither accurate nor = yg, ices tor 
complete. This will be clear from one or two complete infor. 
examples. It may be that in a “ wage census” 
100,000 persons, whose wages were far below the average, 
do not come into the returns at all, and it is very difficult 
to estimate their effect on the arithmetic average for want 
of information as to their earnings; but to find the median 
exactly, we need only know their number, not their earnings ; 
and if we can only assign a maximum for their number, we still 
can place the median within narrow limits. The addition of 
100,000 men with wages below 15s. to a general summary for 
the 356,000 men on p. 470 of the General Report on Wages tn 
1886 (C.—688g9), would still leave the median in the group 20s. 
to 25s. where it already is; the change would be very marked, 
however, in the lower deciles and quartiles, and the anthmetic 
average would be lowered by at least 2s. 1d. The same argu- 
ment applies to incomes; information is often very deficient, 
but it is in many cases possible to assert that a number of 
men, whose exact income is unknown, receive above a certain 
assigned sum, or even between two assigned limits, which is all 
we need to know about them to determine the median, if it 
lies below the lower limit. 

Again, in tracing the history of wages throughout the 
century it is often very difficult to find the correct average, 
but at the same time it is frequently possible to say that a 
very large class of men earned below, say, 15s. a week, and 
another very large class above 30s. whose wages we do not 
exactly know, and a more definite number between 15s. and 
20s., and 25s. and 30s.; and in order to find the median all 
we need to do is to investigate more exactly the wages between 
20s. and 25s., if that is the grade which contains it; and even 
if we have not complete information here, we can still say 
that the median certainly lies between certain narrow limits. 
There is yet another advantage, perhaps more important, that 
the median is applicable to quantities which are 
not capable of measurement at all. This develop- 
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ment is especially due to Galton.* Suppose it to be required, 
for example, to find among a large class of boys the average 
in intelligence. It is clear that it is not easy to find the arith- 
metic average of a quantity which cannot be properly measured 
even by the most elaborate system of marks, but on the other 
hand it would not be at all difficult with a class of, say, twenty 
boys, to place them in order of intelligence without committing 
oneself to such a statement as that A.’s cleverness was 
25 per cent. more than B.’s; and the tenth or eleventh boy 
in this arrangement would show the style of boys in the class, 
at least as well as any other average. The disadvantage of 
this method, the reason why it is not universally applicable, 
is that the median of a series of observations 
may be totally removed from its type, and in 
fact may not be situated near any of the different objects 
which are observed. Thus, if we had two large groups of 
wages of a thousand men between 15s. and 25s., and another 
thousand between 35s. and 45s., the median would give us 
any position between 25s. and 35s., where as a matter of fact 
not a single wage-earner would be found. The median is 
then chiefly useful when we are dealing with a series of objects 
of which the main part lie fairly close together ; a few extremes 
do not affect it.f 


Disadvantages. 


If m is the median and a the arithmetic average of » quantities #,, #, ... 
Kn, and we call x;—s, x,—s . . . the deviations of the x's from any quantity sz, 
then m is the value of 2 which makes the sum of the deviations (al) taken 
positively) a minimum, a is the value which makes the sum of the squares a 
minimum. The first statement becomes obvious from the following analogy : 
suppose 2%-+1 places in a straight Jine are each served by a single wire from 
a telephone exchange at the ns place from one end; the lengths of the 
wires correspond to the deviations; now if the exchange is moved to the 
+1" (or central place), #+1 wires are shortened and » wires lengthened 
each by tke same distance, so that the aggregate of wire is diminished, if 
the number of places is even, the minimum is obtained at any position at 
or between the n> and #+1" trom either end. For the second, we notice 
that t*=na, and that 2(*—z)*=2%?~—na*+n(a—z)*, which is a minimum 
when z=a. 








The following table shows the description of 76 items by 
the help of the various averages now described :— 





* See, for instance, Natural Inheritance, p. 47. 
¢ On the relative advantages of this, and a more mathematical method, 
see Yule and Galton in the Statistical Jowrnal for 1896, especially pp. 392-398 
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MEASUREMENTS OF Boys OF AGES 13 TO 15 YEARS. 






Age. | Height. | Weight. || No.| Age. | Height. | Weight. cera 
ra. mth.; ft. in. st. Ib, ys. mth ft. in. st. Ib. 
I "tg. I 4-112 | 6.03 39 | 14.7 | 4-118 | 6.34 Arithmetic aver- 
2] 14.9 | 4.10 5-7 go | 13.0 | 4.r1h | 5.7 age, 6 st. 1 Ibs. 
3| 147 | 55% | 7-5 41 | 14.3 | 4-11 | 6.4% 
4 | 13.11| 5.0 6. 33 42 | 13.3 | 4-44 4-11} || The same, when 
5 | 14.11] 5.32 8.04 43 | 14.3 | §-3 6.74 weights are en- 
6 | 14.7 | 4.10 5.0 44 | 13.6] 5.1% 6.133 tered only to 
7 | 14.3 | 4.10 6.7 45 | 14.2 | 4.82 6.0} nearest stone, 
8] 14.9 | §.5 8.53 46 | 13.5 | 5.2 7.4 6 st. 1} Ibs. 
9 | 14.11] 4.94 5-12 || 47 | 13-8 | 5.24 6.11 : 
10 | 14.3 | 4-113 | 6.112 |] 48 | 14.6 | 5.4 7.44 Median, 6 stones 
1 ir | 13.4 | 4-7 5.14 49 | 14.8 | 5.14 6.10 1% lbs. 
12] 14.7 | 5.32 | 7-88 || 50] 13.3 | 4-82 | 5.0 ; 
13 | 13.8 | 4.79 5-3 §i 1 13.0 |] 5.5} 67 Quartiles, 6 st. 9} 
14{ 14.5 | §.24 7.82 52 | 13.10] 4.314 | 7.32 Ibs., § st. 6% Ibs. 
15 | 14.4 | §.0 6.0 53 | 148 | 4.114 | 6.98 
16 | 13.6 | 49 5.6 54 113-8 | 4.5% 4-94 Average of quar- 
17} 14.0 | 5.2 7.7% 65 | 14.8 | 5.44 7.0 tiles, 6 st. 1 Ib. 
18 | 13.0 | 4.8 5-3 56 | 14.0 | 4.10 6.24 
19] 14.7 |] 4.1% 6.122 || 57 | 13.10] 49 5.5 Half of the ex- 
20 | 14.10| 5.1 6.9 §8 | 13.2 | 5.08 6.4 amples lie within 
21 13.9 | 4.11 5.11 $9 | 13.6 | 4.7 5.24 9 ibs. of median. 
22 | 14.10] 4.8% 5.11 60 | 13.0 | 4.9 5.92 : 
23 | 13.4 | 4.94 5.83 61 | 13.3 | 4-83 5.54 Mode is between 
24 | 13.1 | 5-22 6.1 62 | 13.5 | 4.88 6.5? 6 st. and 63 st. 
25 | 14.0 | 4.63 5.6% 63 | 13.10] 5.5% 7-10} 
26 | 14.6 | 5.34 7.64 64 | 13-4 | 4.82 6.2} Average weight 
27 | 14.3 | 5.0% §-112 || 65 | 13.10] 5.4 a between ages 13 
28 | 13.9 | 4.9 5.1n 66 | 14.0 | 4.9 5.0} and 134 years, 
29 | 13.4 | 5-12 5-9 67 | 13.3 | 4.7 5.0 § st. 94 Ibs.; 13§ 
30 | 14.4 ] 5.3 6.84 68 | 13.8 | 4.11 6.1} and 14 years, § st 
31 | 14.10! 4.94% 4.74 69 | 13-7 | 4.112 | 6.4} 132 Ibs. ; 14 and 
32 | 13.2 | 4.94 5-132 |] 70 | 13-11] 4.8 4-44 144 years, 6st 33 
33 | 14.1 | 4.82 5.84 7U | 13.11] 4.8 4.44 Ibs. ; 14$ and 15 
34] 13.10] 5.2} 6.8} 72 | 13.2 | 4.7} 4.10 years, 6 st. 8§ Ibs. 
35 | 140 | 4.114 | 5-7 73 | 14.0 | 4.11 6.5 : 
36 | 14.4 | 4.11 6.5 74 | 13.3 | 4.34 4.12 Heights may be 
37 | 14.8 | 4.15 6.02 75 | 13.3 | §.0 7.23 tabulated im the 
13.7 | 5.02 6.2 76 | 13.7 4.8} 5.6 same way. 





Heights arranged in order of magnitude (in.)— 


514, 524, 532, 54}, 55, 55, 55, 552, 552, 56, 
56, 564, 564, 564, 564, 569, 563, 563, 562; 
50}, 57, 57, 57, 57, 57> 57%. 578: 57%, 57%, 
58, 58, 58, 58, 59, 59, 59, 59, 59; 

59, 59, 594, 594, 594, 594, 59%. 598, 593, 508, 
60, 60, 60, 60}, 603, 603, 61, 61, 61}; 

61}, 613, 614, 62, 62}, 62}, 624, 624, 623, 63, 
63}, 633, 632, 64, 64, 643, 65, 65}, 653. 
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A graphic method of finding the median of these heights 

Geaphic Closely is given by Mr. Galton in the Report of 

method. the Anthropometric Committee of the British 
Association, 1881, p. 247; and is illustrated by the diagram 
facing this page. 

On a horizontal line mark off equal intervals representing 
units of measurement, say inches. On a vertical scale mark 
off equal intervals representing the number of instances, 
#.e., persons whose heights are measured. Beginning at the 
lowest, 514 in., on a vertical line mark as many dots at 
equal intervals on the vertical scale as there are persons at 
that height (in this case only one), so that each dot represents 
one person. From the highest dot thus marked, suppose a 
horizontal line drawn till it is over the next height division 
at which there is an instance, 52} in., and with this new 
base proceed as before, marking each instance at 52} in. 
by a dot vertically above the 524-in. mark. Next draw a 
connected line through the middle points of the consecutive 
vertical rows of dots; if there is an odd number of dots, the 
middle one is taken as the middle point ; if an even number, 
the middle point is half-way between the middle ones. 

On the vertical scale mark the positions of the median, 
quartiles, etc., obtained by dividing the distance representing 
the total number of instances into appropriate parts, and 
through these points draw horizontal lines to intersect the 
connected line already drawn. The points of intersection 
lie vertically above the heights required, as marked on the 
horizontal] scale. 

Now it may be assumed that the heights of all persons 
returned at, say, 58} in., are in reality evenly distributed 
between the limits 58§ and 58{ in., heights lying within 
which would be so returned; and it can be verified that the 
construction just given shows the place of the median, deciles, 
etc., almost exactly on this hypothesis. 


The following analysis is only important when the number of instances 
is small, and the position of the quartiles, etc., is not evident. There are 
two cases, (1) where the observations are exact, (2) where the observations 
are given in grades or to the nearest scale mark. 

1) The following 45 numbers are the numbers of minutes occupied by 
trains on a certain distance according to time-table :— 


45, 46, 47, 48, 48, 51, 53, 54, 55, 58; 61, 61, 62, 65, 65, 69, 69, 60, 71, 76; 
76, 76, 77, 77; 78, $0) 81, 81, 82, 82; 83, 83, 84, 85, 85, 85, 85, 87, 88, 89; 9°, 
92, 94, 10x, 103. 


GRAPHIC METHOD OF FINDING MEDIAN, QUARTILES AND 
DECILES (after Galton: Anthropometric Committee : Beit. Aas*.). 
For the Heights of the 76 boys, between ages of 1 and 15. 


MT TITLIiLLlLIittl tililiriliriitiitititiriitiitlirilriltiittisititit | 
See eee ear en SN NE ET ee) 
a ais Os nn A, 0/068 2 ee PSSA SRERSATASSHE SAS’ .2aB 
SaRSSOnSSuESEERanEE un rt LILPEiLILIELIrriirt 288 
TTITITIiLLI TTI ltt ttt tT TL) er eeeaeauensuas tt 
weaeeenee ptt tte leet PETE LEE TT EL SRQEeBBSERBESEASP FT Tis tT 
70+ SUS RRERS RRS 7 TITITT. it 
re) 4u = SaueGesusneuaue SASRCRRRRERERRRE was pe f) 
A Prcical BSSRSASRER ERAS RASS ae isasneee 9 
andie SERRE RARBRA Aes PET TTT tS 
coh Bpreserite Sine bi prec be BSR RESS BSR EReABD SBR Baas aaeus 
Wh dob he Rat Seeeeessecenes 2s att P #856888 
Lf eden dpm fem fff fad fndended- fund off tt tf Pitt | ae eaeeee rit Psi ft } 
omen oy hbplzontal distandet Seana anea Sane geeeueuaueee 
suaas. aeneseseeaeens aeenes an 
oO 5 as Sanrn acconeauaanme = weeeee seane Dg 
-Y i | Dreger 7 feta Bae Base gsuan 
Yd itr Pet nie-§ trem LLL. Pore BEE ESSE 
BS { ii i] Lier i? | 
QoL Pee eee ‘ 4 1 SEER EERE. Qe 
suena aRReee SERRE CURR TRRE SEES SES HHH HHH 3 
SUSG000 00000050 00000nRece5nesbeuessn5= SSSR RSRERSAESSeS 
5 SBR REEee0Rn [| Fite it ET tT SSS see snes sees sees 
a. Ba 
PIT ir ep TT ry Py] Tlilrtrpeg +++] OF 
Hott a BSEBRERERES ERE I L i 
Ott tt Pi yt? | Lp rm 
t sense CTO 
PPCPbbadatitg ta Quseeeeneeeeeeseesesenas 
SUSE CREER REESE BERR T ti Libkda itil Prd TETETEPEL ELE PrP rede 


Ay cpesesassnessas 
Stott tot Ht HH HH‘: Tris D, 
PITTTTIITLLeULLLL_ LL LLLLLL*Pee PPILLiLLilg@ vi cb itil ili nn 
rT a 208 SeeeReRe a 
TT TTL LLL LE LLLOLL CL OL OOLOLLLLOLLL etm ata lla tt tt 
SSE ESE Sees Sees ceseonEsesse en eunnseeesusseeuanessuase 
bihil: THIEL oT £00 SSne Oe eRe eee ROE BEES 
SOrrrrrr ty ay -) w wa 
Bae Swe eres RE SUNOS BESS SARA ESSE REET ESE | 
ry Oe BESS SUE CHEE OE SHB ES OSES KSEE REE ESSE BREE SERS 
RSOSSREE SENS OwOs SEES ROSE SERS ESS Tit Toe LLL et 
PTTL ot SUUe RDGE SOP CEES SASS SEE) Paes eens Sees eRES 
TTI GNOE SER BANE Bie 3 Senn eeean 
BNET ESSE DONG GeRE Poe eee BB Sa S S08 S558 2ERS SOSS KEES Eene ees 
aaiesweee ot ' eG neGs eeeenees Sasusees SEeseane 
0.44 Seuss RSSeseen nes TITTT ho Lt sees nansases 
TTT TTT TTT o_O LLL Sa0nS BURR eees Beee ses aa 


>) 
§ 
au 
as 
4 
as 
a 
a 
J 
5 
a 
is 
a 
a 
aa a 
au 
a 
# 
a 
J 
Ss 
a 
a 
8 
@ 


a 

| 163} 

iO- 
na 
8 
& 
@ 
a 
a 
a 
. 
a 
il 
an 
I 
i 
@ 
_ 
| 
1 
: 
a 
s 
a 
] 
w 
w 
a 
a 
ed 


SBS ERER RES 5 td S2Re 
SRARNOS RARE HES RASS SES et te tt td 
BEARS SSSR ERSACERARRE SSSGen eek sseese SS SSS RSSRRESESR 

s SOE RRRAERRE pled asaeeee— Ds 
SRRSRRESREERSECRAE SHRAEE i SKS POST SROS TERS ACES SEB SEuae een 
i ttt et tp bd bbe fenton ofan 
QOH pete ttt lunes potty mtn ltt an 
~ + AB GSE OSS Sees es on Oe Oe 0 Ws BSESSE SRA SASS SEES th Q; 
SSRRURRSS ESHA SERSSR00C00G0000 S500 5RR0R0R0 EE Tesuae 
BSSEE ROSS SSE PARSE S apt ttt 
GRASS TR BASS BE EH a1 | | (SSE BASS SAREE a 
0 SSaBRe a See SSRRSSERAEaS saaene =- 
saan REE SBaS SE RES RAED SSSS RARE ESOS Sees sane 
Shh AESERERERAEREAEAE BRBRER SERS SESE BORA BASRERRRESES 
RES ARED ELS AE ERES eueussscocttch SBUGRE RELEASE BARS BASRA 
Buen BRSE Ee wanna BSGERSRARLKLABARARSSE SEs 
“BSRRRERERRRRERAREER | LLB BEREBRSRRASEUSS saeeens i 


o 
ui 
a 
a 
a 
] 
a 
@ 
a 
. 
a 
: 
a 
J] 
J 
a 
a 
| 
8 
] 
' 


Q 


—=_ 
Ba 
su 
a8 

& 


PAT Tit it tii 1) stern |i tts tt tli tb tl 
Dede learn SS See Sees Sotto a D 
J Seen sens ease sens or i BREA SRRREASR ERNE RASS RESRUEAS 64) 
ee Pr i CCH BE VEEE RSS SRARESASESASRERARAAS 
Snetsnmessnsaay= 0000" BGS RARE RRS RARE SERS USSR SRS 
BRE REESE SERS SERA SRERRERERESS Eee 
seauannn sussudeasssenueucssacenuscusceusn 


SSBE 2880 
_ =m ae ee aaeas ett 

= Litltisiiiiti ERBERERS an ape tt BRARE 
Saaseaeen iba hi ae re ee i ee: 


Sim. 682 88 84 85 66 67 88 589 a 61 62 63 64 6S 66m. 


Median 59} inches. Arithmetic average, 59°095. 

1 56°8. Greatest density 57 OF 59. 
Quartiles ¢ 7.2. , in smoothed 
Half inter-quartile distance une would be about 58. 

2°2. Geometric average 58°98. 
Deciles 55°6, 56°6, 57, 57°9, 
63°6, 62, 60°7, 59°7- 


Teo face page 106. 
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The median {s the 234 instance, viz. 77 minutes. 

To find the quartiles we must divide the 45 numbers into 4 equal parts. 
Suppose that on such a scale as the vertical scale in the diagram, p. 106, 
the instances are entered at j, 13, . . . 444, the distance 45 representing the 
whole space to be divided. The quartiles are at 113 and 33}. 11}is between 
the 118 instance (61) at 10} and the 12** instance (also 61) at 11}, and 
the lower quartile is 61. 33} comes between the 34° and 35° instances, 
both 85. If the entries were not equal we might take 2 of the nearer entry 
(the 34%) +} of the 35°. 

Similarly the deciles are at the marks 4}, 9, 134... on the scale. 
The lowest is at the 5° entry (48 min.), the next half-way between the 
gt* and ro (564 min.), and so on. 

; a positions of the D’s, Q’s and M on the diagram are marked on this 
rinciple. 
° We have the following scheme for the median and quartiles :— 


Median. Lower Quartile. Upper Quartile, 


4” £(2n* +2n+1'7) {(nt+n41") 3 (3x2 +3417) 


4n+t an+1™ tn tanti™ | agnt1" 443042" 


4qn+2 j(2n+1"42n+4+2"") aa 3n+2"° 





4n+3 2n+2" inti" +hnt2% | a3n+2"4 33043" 


A similar scheme could be worked out for the deciles. 

(2) If the numbers are given in grades (whether as between, say, 53 and 
54 in., or as at 53 in. to the nearest } in., f.2., between 523 and 533 in.), they 
may be regarded as ol te uniformly through the grade, and then the 
method of case (1) app ied. 

The method can illustrated from the ages of married men, column 6 
of the table, p. 86. Here 549 men are over 40 years, 413 over 45 years: 
the 500" man is one of the 136 in the grade 4o to 45 years, in fact the 48™ 
or 49'" man in that grade. If they are uniformly distributed, the 49 is 
at the 49" of 136 equal intervals in which the 5 years may be divided. 


Hence the median is at pre of 5=41°8 years. It is not worth 


while to try to place it more exactly. Similarly the lower quartile is the age 
where we find the 750'" man, somewhere in the grade 30-35 years, and 


may be taken as 304-55 75° of 5=33'45 years, and the upper quartile at 
50+ 228299 of 5= 52°34. 


Simple graphic methods may readily be found for either case. 


F. GEOMETRIC MEAN.—If a@;, @, . . . @ are # quantities 
G the geometric or logarithmic mean is given by 
G = “/a,. dg... Gy, 


and log G = = (log a, + log ag+ ... + log a,). 


The geometric mean is always less than the arithmetic 
mean of the same quantities. 


This mean is appropriately used when emphasis is on the 
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ratio between two quantities rather than on their absolute 
difference. If the difference between 8 and 13 is of the same 
importance as that between 13 and 18, then the mean of 
8 and 18 is properly taken to be 13, equidistant from either ; 
but if the ratio 8 to 12 is of the same importance as that of 
12 to 18, then the mean of 8 and 18 is properly taken as 
12 = /8 x 18. 

We obtain an analogy as follows :—Of five quantities a,, 
As, Ay, A, @g, let a, and a, be less than A (the arithmetic mean 
of all) and also less than G, and the others be greater. 


Then 5A = a, + 4, + ag + a + 
and (A — @,) + (A — a) = (a, — A) + (4 — A) + (4, — A) 
and G® = a, X dy X As X Uy X Gs, 
GG _ a uy as 
and fg GG 


Thus in one case the sum of the excesses of the mean equals 
the sum of its defects; in the other the product of the ratios 
of the mean to the quantities less than it equals the product 
of the ratios of the greater quantities to the mean. 

An important use of the mean is in connection with prices. 
A general rise of prices from 100 to 120 is exactly the same 
from many points of view as a nse from I20 to 144, and is 
greater than a rise from 120 to 140. This consideration may 
have led Jevons to use the geometric mean in his first treatment 
of index-numbers (Fall tn the Value of Gold). 

It should be noticed that the geometric mean gives greater 
importance to small numbers and less to large than does the 
arithmetic. 


G. GENERAL.—The function of means will now be clear; 

it is to express a complex group by a few simple numbers. 
The function of Lhe mind cannot grasp the magnitudes of millions 
means. of items at once; they must be grouped, simpli- 
fied, averaged. The means chosen must be those which 
will give the striking features and the essential characteristics 
of the group. Different methods will apply to groups of 
various classes; each must be taken on its own merits. A 
good and suitable mean has the following characteristics :— 
If there ts @ type tt shows tt; 1t gives due influence to extreme 
cases; tt ts not easily affected by errors or much displaced by 
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ratio between two quantities rather than on their absolute 
difference. If the difference between 8 and 13 is of the same 
importance as that between 13 and 18, then the mean of 
8 and 18 is properly taken to be 13, equidistant from either ; 
but if the ratio 8 to 12 is of the same importance as that of 
12 to 18, then the mean of 8 and 18 is properly taken as 
12 = /8 x 18. 

We obtain an analogy as follows :—Of five quantities a,, 
@,, Ay, A, 4s, let a, and a, be less than A (the arithmetic mean 
of all) and also less than G, and the others be greater. 


Then 5A = 4,+ 4, + 43 + a + ag 
and (A — a@,) + (A — a.) = (a, — A) + (a, — A) + (a, — A) 
and G> = a, X Ay X dy X & X Gs, 
G G_ as a. as 
and a GG XG: 


Thus in one case the sum of the excesses of the mean equals 
the sum of its defects; in the other the product of the ratios 
of the mean to the quantities less than it equals the product 
of the ratios of the greater quantities to the mean. 

An important use of the mean is in connection with prices. 
A general rise of prices from 100 to 120 is exactly the same 
from many points of view as a rise from 120 to 144, and is 
greater than a rise from 120 to 140. This consideration may 
have led Jevons to use the geometric mean in his first treatment 
of index-numbers (Fall tn the Value of Gold). 

It should be noticed that the geometric mean gives greater 
importance to smal] numbers and less to large than does the 
arithmetic. 


G. GENERAL.—The function of means will now be clear; 

it is to express a complex group by a few simple numbers. 
The function of Lhe mind cannot grasp the magnitudes of millions 
means §=soff items at once; they must be grouped, simpli- 
fied, averaged. The means chosen must be those which 
will give the striking features and the essential characteristics 
of the group. Different methods will apply to groups of 
various classes; each must be taken on its own merits. A 
good and suitable mean has the following characteristics :-— 
If there 1s a type tt shows tt; st gives due influence to extreme 
cases ; it 1s not easily affected by errors or much displaced by 


AVERAGES 10g 


slight alterations in systems of calculation; and it ts easily 
calculated. 

The relative positions of the different kinds of means 
dealt with gives some information as to the general nature of 
the group to which they refer. The arithmetic mean, 
median and mode, are coincident, if the group is symmetrical. 
The arithmetic mean is probably above the median, if we 
have a small group at a high degree. The arithmetic mean 
is generally below the median, if there is an absence of high 
numbers, and a concentration a little above the mean. 
The mode will be badly defined, if our group is not homo- 
geneous. The mode will probably be below the arithmetic 
mean, if there is a small group at a high degree. The mode 
is well marked, if the distribution is uniform. These rules are 
only tentative and easily nullified by exceptional circumstances. 


CHAPTER VI. 


MEASUREMENTS OF DISPERSION AND OF SKEWNESS. 
APPLICATION OF AVERAGES. 


MEASUREMENTS OF DISPERSION AND OF SKEWNESS. 


In the sections of Chapter V which relate to ‘‘ means ”’ we 
have been concerned principally with considering the central 
position of a statistical group, where by the term 
statistical group we mean a number of persons or 
things possessing certain defined attributes (Enumerated, in 
England or Wales, in I191I, male) and grouped according to a 
variable attribute (age). We can exhibit such a group either 
by tabulation in grades or otherwise (pp. 69-70) or by a diagram 
(p. 127), but for purposes of brevity or for comparison with 
other groups we need to define and calculate measurements 
related to the group in such a way as to show its characteristics. 
For this purpose it is convenient to choose (i) a mean which 
locates a central position, (ii) a measurement of the dispersion, 
variation or scattering of the observations, and (iii) a measure- 
ment of imperfect symmetry. We proceed to the discussion 
of (ii) and (iii). 

The differences between the measurements of the items of 
the group and a mean or other fixed point are called deviations. 
In the table (p. 111) the group taken contains the 
death-rates of the aggregate of large towns in the 
52 weeks of the year 1902. These are arranged in order of 
magnitude down column I and up column 2. In columns 3 
and 4 are shown the deviations from the quantity 173, selected 
as being near the median, 1723. It was shown on p. 104 that 
the total and therefore the average of deviations (all taken 
positively) is least when they are measured from the median; 
to obtain such deviations we must add } to each entry in column 
3 and subtract $ from each entry in column 4, #.e. add and 
subtract 13 to or from the totals. The total of the positive 
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Statistical groups. 


Deviations. 
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deviations from the median is then 447, of negative is 388, and 
of the 52 deviations (irrespective of their sign) is 835. The 
average of these deviations, viz. 835 + 52 = 16-06. To 


DEATH-RATES WEEK By WEEK IN 1902 IN THE AGGREGATE OF 
GREAT Towns IN ENGLAND AND WALES. 


baba eric dar For Mean Deviation For Standard 

Order of Magnitude. from Median. Deviation. 
Col.:. Col. 2 Col. 3. Col. 4. Col 5. Col. 6. Col.7. Cob & 

Difference 


between 
aand 4, 


For Mean Difference. 


3 Excess of Excess of |Squares of Differences 
‘ over 173. 1730Vver 5. from 173 


37 5:04r 1.369 
34 3,600 = 1,156 
32 2,809 1,024 
30 1,296 goo 
1,089 Baz 

784 734 

529 576 

529 

434 

441 

361 





Arithmetic average 9029 + 52 @ 173°63 approx. 
Median 1724. 
Quartiles 159%, 1814. . 
Mean deviation from the median : 9 = 835 + 52 = 16'06 approx. ; from the average, y = 16'rr. 
Fe roheg deviation, or probable error: v= §(18:1$ —15,4)= 11. Half the cases are within 
5 It. 
Standard deviation: o = 4/{py of 26,491 — 63"} = 22°56. Coefficient of variation = "@.S as130 


Mean difference : g = 32,659 + § of 52 X 51 = 24°65. 17363 
obtain the sum of the deviations from the arithmetic average 
(173°63) we must add -63 to each of the deviations geen 
from 173 of the 28 quantities less than 174 and = *eviaticn. 
subtract -63 from the remaining deviations; the total is then 
837°52 and the average 16°11. The average of the differences 
between the various measurements and their arithmetic average 
(16-xr in this case) is called the mean deviation of the group; 
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and often denoted by the letter 7; we may also use the term 
mean deviation from the medtan (16:06). The mean deviation 
is an obvious and convenient measurement of the dispersion of 
the group, and where the observations are recorded singly and 
not merged in grades is easy to calculate. 


We can obtain the arithmetic average from columns 3 and 4 
at once by the consideration that the average excess over 173 is 
the total of column 3 (434) less the total of column 4 (40r)—52 
= 33-52 = ‘63 approx.; the average is therefore 173-63 approx. 

In the mathematical treatment of statistical groups it is 
found inconvenient to handle these absolute deviations since 
in algebra they appear some as positive and others as negative, 
and when the theory of probability is applied it is found that 
the importance of the deviation depends on its square and not 
on its first power. Accordingly the average of the squares of 
the deviations from the arithmetical avérage of the group is 
taken, and the square root of the average obtained is called the 

Standard - SLAndard deviation of the group; this measurement 

deviation. of dispersion is in general use and is denoted by the 
letter 0. It can be calculated by writing down the deviations 
exactly, but the procedure is greatly simplified as follows. Let 
%1, X%3... X, be the measurements, x) the central quantity 
from which the deviations are most conveniently measured. 
Write d, = x; — %, dg = %3 — %q, etc., t.e. for the deviations 
as tabulated. Let % be the arithmetic average of the group, 
so that n®@=x,+%,+ ...+4%,; and let d, = ¥ — %, so 
that nd, = (xy — %) + (%,—%) +... =a, +4,4+...+44,. 

Then by definition 

o® = {(xy— ¥)* + (xg —F)7+...+(%,— 2) om 
= {(d, — dy)? + (d4g—4))? +... +0 
= {d,*+d4,?+ ...—24,(d,+4,4+...) +d} tn 
= (d,*+4,?+ ... —nd,"}+n, since d;+d,+ ... =nd, 


3 
and o = Ri = = a,*|, where . Sd? is written for 


ditdst+.. +4,3. 
In the table ¥ = 17363, x) = 173, dy = 63. 
d,*,d,*. . . are given in columns § and 6, and. Sd? = 26,491. 
.'. 6224/{26,491 + 52 — '637} = 22°56 approx. 
The standard deviation is always measured in relation to 
the arithmetical average, not to the median. 
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A much simpler measurement of dispersion is obtained by 
the use of the quartiles. The difference between the quartiles 
is evidently related to the dispersion, though it has the weakness 
that the same measurement would be obtained from groups 
whose quartiles were the same, however the observations 
between the quartiles were distributed, and however far the 
observations outside the quartiles were placed. It is therefore 
much less sensitive than the mean or the standard deviations. 
The measurement used, however, is not the whole distance 
between the quartiles but half that distance, and  —quertite 
we may call the half-distance between the quartiles “visto. 
the quartile deviation ; it is commonly denoted by the letter r. 
y is approximately, but not in general exactly, equal to the 
median of the deviations. In the table the quartiles are 1593 
and 181, the distance between them is 22 and.*. 7 = II. 

The median is not necessarily half-way between the quartiles. 
In the case before us this half-way mark is 3(159}-+181$)=1704, 
and the quartiles are 170}+11. We may then describe the 
group very simply, as follows: the arithmetic average is 173-6 
(or the median is 173) and half the observations are within the 
range 170} + II. 


In a symmetrical group the arithmetic average and the mode 
are coincident, and r is called the probable error, a term that is 
convenient in some respects, but suggests misleading ideas. 


If the data are given in grades a modification of method is 
necessary and the measurements can only be approximate. 
Take for example the table of ages on p. 86. The median and 
quartiles have already been found (p. 107) as 
41°80, 33°45, and 52:34 years. The quartile 
deviation is therefore 4$(52°34 —33°45)=9°45 years, and half 
the cases are in the range 42:90+9°45 years. The deviations 
from 42} years are given in column 2. If we assume all the 
entries in each grade to be concentrated at the middle point 
of the grade, column 4 shows the aggregate deviations in each 
grade and the sum of the numbers irrespective of sign, viz. 
1155 + 926 = 2081 is the total of the deviations. The mean 
deviation from 42} years is then approximately 2081 + rooo 
of 5 years = 10°40 years. A small correction is needed to 
obtain the mean deviation from the median or from the average 
(43°6...). Rather troublesome additions are needed to allow 


Graded data. 
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for the deviations of the 136 entries in the zero grade and to 
correct for the supposed concentration at the middle points. 
These become negligible if the grading is sufficiently fine (entries 
for every year would be sufficient in this case), and it is only 
then that the use of the mean deviation for graded data is 
recommended. The origin should be taken at the centre of 
that grade which contains the average or median, whichever is 
the starting-point for measuring the deviations. 

No new principles are involved in the calculation of the 
standard deviation in such cases, when the grading is fine. 
Examples are given on Part II, Chap. I below. 

Professor Corrado Gini has introduced a new measurement 
of variation (Variabilita e Mutabilita ; Fascicolo 1°; Bologna, 
I9I2, pp. 19 seg.). He contends that the problem that arises 
in the study of the variability of demographic, anthropological, 
biological or economic characters is How much do the different 
magnitudes differ between themselves? and not How much do 
diverse measurements differ from their arithmetic mean? The 
second question is appropriate in physical science, but not in 
the description of groups. Accordingly he proposes as a 
measurement the arithmetic mean of the §n(m—1) differences 

Mean that are to be found between m quantities. This 
difference. we may call the mean difference and denote it by 
the letter g. It has not yet come into general use, possibly 
because (except in the simplest cases) the arithmetic involved in 
its calculation is indirect and rather arduous; but it cannot be 
denied that the conception is simple and logical. 


Let @,, dy . . . an be m quantities, arranged in ascending order. 
Then g X $n(n—1)= 

(€an—@1)+(@n—a,)+ a Fer, 3 + (an—4n- )-+(a@n—AQn- 3) 

+ (an-y— Ay) + (@n-1— ay) + 2.2. + (an-1— an-,) 


+ (43 — 41) + (43 — 4s) 
+ (a3 — 43) 
= (nm —1) an+ (t — 3)an-1+ (4 —5)an-e+... 
+ (I —n )ai + (3 —m)ag+(5—n)agt... 
= (n — I)(@n—@y) + ("—3)(@n-1—4s) + (" — 5)(an- 3 — @s)+... 
The computation is readily performed as in columns 7, 8, 9 of 
the table, p. I11, where m is an even number. If n is odd the 
central number occurs by itself with a zero multiplier. 
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The relation between g (the mean difference) and » (the mean 
deviation) can be exhibited as follows :— 

Let d., d,...dn be the differences, all taken as positive, 
between the mediati and a, dg... @. 

Then @Qa—a,;=da,+ ds; —— etc., 


and g=" of {a(dtda)-+2."—3(dytdes)+2. 5 Ody tdes)t vee} 


while y= 2(dy-t dnt dat dn-s + dy tina +}. 


In g more than average importance is given to the extreme 
variations, and g is always greater than 7. E.g., if the observations 
are spaced at equal intervals (k), it can be shown that g is approxi- 
mately 7 x 4; for, in this case, if n=2m-+1, it is found that 

g= (m+ ak, 9 = Met, gta=s(t+ =); also g—7 is 
approximately 4mk. 


If the instances are entered, not singly, but as y, cases at a, 
Yq cases at dy... Y, cases at a, where yz +Yat... +H= 
the working is more complicated. It can be shown that— 
g X 3N(N —1) = 

ye, (N — 9) + Y-14-1(N — 2% — %- as 

+ Yt-2 de_a(N — 29; — 2, — e-2 : 

+ yid,(N— yi) + Y242(N — 291 — ng + yads(N — 2y1 — ke — ¥s) 


where the d@’s in the first and second lines are the differences to 
quantities above and below the median respectively. The factors 
are readily computed and arranged in a table.* 

When measurements are distributed according to the normal curve 
of error (Part II, Chap. II) we have the following relations —y=0,/ : 


T 
=o X *798 2 2,%=o X *6745, g=nV2.=7 X 1-414.... These 
relations are often obtained approximately in other distributions. 
Thus on p. III, y= ‘7o, g=7 X 1°41; but r = ‘50 only. 

If, following Professor Gini’s idea, we take the square root of 
the average of squares of all the differences, we obtain (whatever 


the distribution) the quantity on) 2 o(— —— :), or o /2 very nearly. 





So far all the measurements of dispersion have been ex- 
pressed as concrete quantities, a as so many shillings, years, 


* The working of the formula ula here git ba oe differs in an unimportant way 
from that used by Gini, loc. cz#., p. 30 and foot-note on p. 29. 


1 2* 
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points on ascale, etc. It is sometimes advantageous to express 
them in relation to a mean. Thus if the median and quartiles 
of a wage group were 30s., 40s. and 5os., the quartile deviation 
is + of the median, while in another group, say 35s., 45S., 55S.» 
it would be $; it is, in fact, reasonable to regard the second 
group as being less dispersed than the first, though their 
quartile deviations are equal. Possible measurements of this 
eines are He) Quartile deviation * (2) Mean deviation 
Mean of quartiles Median 


(c) Standard deviation, 144 the only measurement at all 


9 





Coefficient of generally used is the standard deviation expressed 
variation. as a percentage of the arithmetic average (t.e. 
(c) X 100) and this is called the coefficient of variation. In 
the table on p. 111 it is 22°56 X I00 + 17363 = 13:0. 
Asymmetry or skewness of a curve is indicated when the 
mode, median and arithmetic average do not coincide. It is 
shown more definitely when the sum of the positive deviations 
from the median is not numerically equal to the sum of the 
negative deviations; it is also shown when the quartiles, or 
pairs of deciles, are not equidistant from the median. Any of 
these inequalities could be made into a measure- 
ment of skewness. Skewness, relating to the 
shape, and not to the size, of a curve is appropriately measured 
by an absolute quantity (resembling the eccentricity of an 
ellipse), and we therefore need a ratio of two concrete measure- 
ments. The simplest to compute is as follows: let g, be the 
excess of the upper quartile over the median, and g, the excess 
qa 1% is a 
aT hh 
measure of skewness.t If the curve is symmetrical, 9g, = q, 
and s = 0; if g, > 4, Sis positive, and if 9g, < q,, Ss is negative. 
s becomes + 1, if g, =o, that is if the median and lower 
quartile coincide, and s becomes — I, ifg,=0. sis therefore a 
measurement which never exceeds I numerically, and has a 
definite significance at zero and at its extreme values. In the 


Skewness. 





of the median over the lower quartile; then s = 


table on p. III, % =9, 4 =13, s=——"=—‘19. In the 





* In earlier editions I called this quantity, the dispersion. It has the 
advantage that it is necessarily not greater than 1. 
t See also p. 251. 
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table of ages (see pp. 86 and 107) g, = 10°54, 7, = 8-35, s = ‘12. 
The significance of various values can only be obtained by 
experience, but it may be suggested that ‘I is a moderate 
degree of skewness, and ‘3 a considerable degree. 

It should be noticed that the three characteristics of a 
group can be measured simply from the quartiles and median ; 
the median for the central position, the quartile deviation for the 
dispersion, and the measurement just discussed for the skewness. 


SOME EXAMPLES OF THE APPLICATION OF AVERAGES. 


If our analysis of the nature and use of averages is complete 
and if averages are of widely extended use, We  Apptication of 
should now be able to express almost any group  *v”tsees 
of figures by a few well-chosen numbers of definite significance. 

To apply a somewhat severe test at first, let us choose 
a familiar example from ordinary life, and consider how a 
suburban business man might test the merits of 
two railway systems, by one of which he intended 
to take a season ticket. 

The following table gives the train service between Leather- 
head and London in 1898 :— 


TRAIN SERVICE—LEATHERHEAD TO LONDON. 
Number of Minutes to Journey. 


to train service. 


WATERLOO — 
Down—60, 50, §2, 48, 47, 61, 50, 44, 48, 53) 45» 42, 45, 49; 43, 48, 42, 43. 
Sundays—50, 50, 47, 49, 50. 
Up—5s1, 46, 51, 48, 43, 44, 48, 48, 64, 45, 48, 47, 45, 47, 46, 47. 
Sundays—48, 48, 51, 51, 51. 
LONDON BrIDGE— 
Down—67, °5, 65, 51, 74, 51, 56, 66, 65, 53, oe 41, 49, 44, 58, 57, 56, 67, 80. 
Sundays~—-67, 52, 66, 68, 8, 65, 65, 68, 6 3 
Up—69, 57, 5} 5% 545 41, 58, 52, 42, 40, 55, 67, 79, 98, 69, 66, 68, 64, 71. 
Sundays—72, 71, 69, 70, 62, 81, 73, 73. 
VICcTORIA— 


Down—77, 65, 55, 76, 77, 88, a3, 53, 46, 69. 89, 54, 82, 71, 90. 
Sundays—92, 45, 81, 84, 78, 61, 85, 83, 85. 
Up—87, 65, 69, 69, 47, 48, 51, 83, 101, 58, 62, 61, 76, 103. 
Sundays—81, 76, 80, 85, 8s, 82, 94. 


The following table gives us the necessary information :— 


London nts 13% 
Bridge. Victoria. Waterloo. 


Min. Min. 
evernee of four quickest pane: : 
Lower decile -  - 


Number of trains on week ‘days. 
General average - - 
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It is to be noticed that the statistical method is generally 
limited to one aspect of a problem; the question of punctuality 
might, indeed, be easily treated statistically, but the questions 
of comfort and relative picturesqueness of route will elude our 
analysis. 

The next example shows a method of throwing into 
relief the characteristics of a typical group of sociological 
data. 

The adjoining table gives the wages recognised by the 

Tabulation of Amalgamated Society of Engineers in many of 
wages returns. their branches in 1862 and 1801. 


AMALGAMATED SOCIETY OF ENGINEERS.—WAGES in 1862 and 1891, 
Weekly, exclusive of Overtime. 


1862. 1891. 1862. 1891. 

sS @ Ss @ s. d, 5. @. 

Accrington - -« 27 0 31 0 Faversham - = 34 0 33 0 
peat - -¢ * 33 6 300 Folkestone - - 34 0 32 0 
Ashton-under-Lyne - 29 3 34 © -~ & 27 0 
Bacup - 26 tT 28 0 | Frome 24° 130 © 
Barrow-in-Furness - 31 0 34 9 Gainsborough - - 27 6 28 Oo 
Bath - = + 29 0 34 © | Glossop - + + 27 2 32 0 
Bedford - - - 27 0 29 0 Gloucester - + 28 0 32 0 
Bilston - + + 28 0 30 0 Grantham- - - 28 6 30 4 
Bingley - + + 240 29 0 Grimsby - - - 28 0 32 0 
Birkenhead - 29 0 35 6 Halifax - . 23 +1 31 «0 
Birmingham - + 32 0 36 0 Hanley - + - 28 3 £42432 0 
Blackburn - -° 27 6 32 0 Hartlepool ~ + 260 3410 
28 oO 30 oO 

Bolton - - «+ 27 6 32 0 Heywood- - + 27 0 34 0 
Bridgwater © -« 24 6 240 Holyhead- + + 32 0 280 
Brighton - + - 24 8} 29 oO Hiuddersfield - - 26 0 260 
ia - 31 0 £320 Hull- - = + 27 6 34 0 
umley - - + 27 0 30 0 . .f30 9 30 0 
Burton-on-Trent - 25 0 30 0 ae ‘i ° 3 ° Oo 
oO swich -  - 2 28 o 

Bury . = 23 ee ry eighley - = - 23 0 27 0 
Cardiff + - + 31 0 34 © | Kidderminster - - 28 0 #30 0 
Carlisle - - + 24 6 30 0 Lancaster- - - 25 O 32 0 
Chepstow- - + 30 0 34 0 Leeds - - 25 0 30 0 
Chester - = 30 0 32 0 | Leicester -~ - 26 0 31 6 
Chowbent- + - 26 0 32 0 Leigh © - 27 9 +31 6 
Colne - - - 25 0 31 0 | Lincoln - - 26 7 28 6 
Congleton - + 24 0 28 06 Liverpool- = + 29 0 34 0 
Coventry - - - 28 0 34 0 Llanelly - = - 22 0 260 
Crewe - + + 29 4 4300 Macclesfield - - 24 0 429 6 
Darlington - - 25 0 31 6 Manchester - - 29 9 3§ O 
Dartford - + + 34 0 38 0 Mexborough + + 27 O 32 0 
Darwen - - - 27 0 32 0 Middlesborough - 25 0 34 0 
Derby - - + 26 0 29 0 Middleton- + + 29 § 33 0 
Doncaster- - - 28 6 31 6 | Miltonand Elsecar - 28 0 34 0 
Dover - - - 35 6 36 0 | Neath + + + 32 0 30 0 
Enfield Lock - - 36 © - 6 | Newark - - + 2% 0 29 0 
igs, igi. 20 0 ae ee 35 9 
Exeter 23 9 132 o Newcastle 25 0 37 0 


~ 
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AMALGAMATED SOCIETY OF ENGINEERS,—WAGES in 1862 and 1891, 
Weekly, exclusive of Overtime (continued). 


189r. 


New Holland -~ - 
Newport - 


1862. 


S. 
re 


New Town (Stockport) 2 


Newton Abbott - . 
Northampton -~— - 
Northfleet - . 
North and So. Shields 
Norwich - . 
Nottingham 
Oldbury - 
Oldham .- 
Peterborough 
Plymouth - 
Pontypridd 
Portsmouth 
Preston - 


Radcliffe Bridge 


Reading - -~ => 


Ripley = 8 
Rotherham . . 


Rugby - . . 
Rugeley - -~ = 
St Helens- + - 
Sheffield - - - 
Shipley - - - 


Shrewsbury -  - 
Smethwick + - 
Southampton + - 
Sowerby Bridge . 


33 

26 
36 
26 
32 


27 
28 


29 
28 
32 
24 
35 
27 
27 
28 
26 
27 
32 
24 
28 
28 
25 


30 
28 
32 
24 


re) pe ee i 


oOo nO 9 


= 
Le} 


Nowonwo a o 


CNODCDDOCOACOODODONDCVCACDDCCACDODAOCOQ0C000O0R 


Stafford 
Stalybridge 


Stockport - 
Stockton-on-Tees 


Stoke-on-Trent - 
Stroud and Thrupp 


Swindon - 
Todmorden 
Wakefeld- 
Warrington 
Watford 
Wednesbury 


Whitehaven 


Wigan 
Wolverham ston, 


Wolverton 
Worcester - 
Bermondsey 
Blackwall - 


Bow - 


Greenwich 

King’s Cross 
Lambeth 
London, E. 


Marylebone 
Stratford - 


Tower Hamlets 


Woolwich - 


1862. 


5. 
34 
28 
28 


24 
29 
26 
31 
26 
25 
28 


35 
2 


36 


The following figures show the same in brief :— 


Maximum - 
Upper decile - 
Upper areca 
Media 


Arithmetic average 


Modes” - ° 


Lower quartile 
Lower decile - 
Minimum - 


uartile deviation 
kewness, from quartiles - - 


* Each branch counting as 1. 
t The numbers of members in each brauch counted as receiving the 
wagé recognised there. 
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If the rates at each branch were not those actually paid to 
all members, but their average, while the actual wages were 
confined within small limits of that average, the figures in the 
last column would be little affected. 

On comparing columns 1 and 2 it will be seen that not 
only have all the averages increased, but that since the lower 
decile and quartile have increased more rapidly than the upper, 
the lower half has also gained on the upper. Again the wages 
are grouped more closely in column 2 than in column I. 


Group C oF TABULATION.—It was necessary to postpone 
the tabulation of non-numerical or descriptive answers till we 
Tabulation of 24d finished our discussion of averages. The fol- 
descriptive lowing detailed example shows how the median, 
=e" etc., can be used to give a short description of a 
large group of adjectival answers. 

In 189r the Amalgamated Society of Engineers obtained 
from all their branches answers to the question: To what 
extent is overtime worked? The branch secretaries sent 
answers which may be tabulated as on next page. 

An inspection of the table here given will show sufficiently 
the method of tabulation. The position of most of the answers 

Explanation of 11 an imaginary scale is fairly definite, except that 
ane it is not always obvious where the numerical 
answers should be placed; this must be decided either by 
internal evidence or practical knowledge of the trade. The 
same adjectives did not of course convey exactly the same 
numerical meaning to all the branch secretaries who used them, 
but it will be admitted that this tabulation gives a fairly clear 
view of the case, and that the method of medians and quartiles 
may be appropriately applied Taking the member of a 
branch as the unit and neglecting the unclassed answers, the 
median is ‘‘ Maximum 18 hours in 4 weeks ”’ or “‘ moderately,”’ 
the lower quartile “ Very little,”” and the upper quartile “‘ 14 
hours when busy.’ Taking the branch as unit, the median is 
“‘Not much,” the quartiles are ‘‘ Very little’? and ‘‘ When 
necessary ” or “‘ Occasionally.”’ 

This method, which, with varying degrees of precision, is 
widely applicable, seems to afford the only way of comparing 
two such groups of answers. The precision attainable is to be 
measured by the distance through which the median can be 
shifted by making reasonable variations in the scheme of 
tabulation. 


Number of Number of 
Answers. Branches, | Members. 
None - ° - 


. - 4 140 
Not worked - - . : 1 78 
Very little - : - - 23 4,836 
To very limited extent : - I 63 
Very occasionally = - - : 1 350 
A little on repairs = - - I 500 
Little - > - ° - 2 73 
2 hours when necessary = : I 80 
Seldom - - - - I 59 
Small extent - ° - - I 16 
Seldom except on repairs == “ I 66 
Only on repairs : - - 2 216 
Not much - - - - 6 [,125 
On repairs - - - - I 500 
Not to any extent - - - 3 644 
Not to a great extent - - : 2 162 
Not general - : - - I 7 
Not systematically - - 2 43 
In cases of breakdown or emergency - 7 606 
2 hours regularly - - - I 136 
Chiefly on repairs - - - 20 
Occasionally - - - - 2 go 
When necessary - : - I 348 
Casually (sic) - - - - 2 142 
A good deal on repairs - - I 23 
Maximum 18 hours in 4 weeks - I 1,000 
Moderately - - - - 3 262 
Systematically in good trade - : I 200 
Aveiage about 5 hours a week : { 96 
Considerably in marine shops - +t 400 
Systematically in dockyard + - I 650 
General ° - - - 2 146 
Systematically - - - I 693 
Great amount - - - - I 263 
To a great extent - > * I 72 
Excessively - ° : . I 550 
9 hours a week ° - - I 39 
10 7 - - - I 106 
12 - (maximum) - - i 700 
14 ‘“ (when busy) - “ I 106 
roto 18 hoursa week - = - I 5,000 





Total - e 83 20,666 


UNCLASSED :— 
No answers - - . - 36 6,114 
As little as possible - - - +t 250 
Not so much lately - . - +f 160 


In ma¢hine shong for six months « I 60 


I22 
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Now that we have the method of averages at our disposal 


Summarisation, 


group of figures. 

Consider, for example, the answers to the questions issued 
by the Commissioners on Trade Depression in 1886. 
Four of the questions were :— 


x. Number of men in Society. 


2. Number out of work in 1885. 


3. Weekly wage in 1885. 
4. Change in wages between 1865 and 1885. 


we may use it for tabulating and summarising a 


The following table shows the answers given by the branch 
secretaries of the Amalgamated Society of Engineers :— 





District. 
Belfast - - - 
Coventry - - 


Dukinfield - * 
Dundee - - 


Glasgow - - 
Glasgow (St Rollox) 
Hartlepool - : 
Glossop . 
Liverpool - - 
Monifieth - - 
Nottingham - = - 
Oldham - : 
Oxford- - - 
Paisleye - - 
Preston - 
Preston - 
Shipley . 
Sowerby Bridge - 


Sunderland - ° 


Swindon e 
Ulverston - 
Wednesbury - 


Workington - 


2. 3 
No. in | No. Out 
District, 
1885. 


1,100 
2,500 


170+ 
1,400 
28,000 
1,600 
1,200 
28 
114 


4,000 
1,600 


4. 
Current 
of Work, Wages, 
1885. 1885. 

130 | 28/ to 36/ 

230 31/6 
20+ 1/ 
45°/,| 25/ skilled. 

15/ unskilled. 
4,000 26/ 

250 eee 

400 31/6 
10 32/ 

38 ar 
18 21/ 

600 | 34/minimom 
96 33/ average. 
ves 33/ 

Bea ig 
40 2 

120 28/ 

15 28/6 
24/ non-unionists. 
43 28/ 

400 33/ 

2 31/6 
ses 31/ 
30 30/ 
70 | 28 to 36/ 


Wage change bat between 1865 
18 


Slight increase. 

Contract work—so °/, de- 
crease. 

Slight increase. 

Time work—1865, 22/5 "72, 
24]; *80, 26/; '83, 24/; 
85, 25/. 

ar on 5 °/, above 


Rise in 1872-73 of 15 °/,3 
1885 same as 1865. 

Advance of 3/. 

Rise in 1872-73 of 734 °/.; 
1885 same as 1865. 

Skilled work—1865, 24/3 
78. aq 78, 25/3 '83; 


28/; '85, 25/. 
1865, ei, “1885, 34/. 
Increase of 5 °/,. 


eeeseeeveasea 


1865, 26/; 1885, 28/6. 
None. 


None. 
1865, 28/65 giP09-73 32/3 


1865, e Be 6, 1875-85, 28/. 

1864, 27/3 °74, 34/3 1875- 
85, between 31/ and 37/. 

1865, 26/; 1875, 31/. 

Increase of 2/. 

Increase of 30 °/,. 
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It is suggested that the following are the summary tables 
which should be inserted in a report dealing with the answers. 

The figures are given here for only one society, but the 
tabulations are framed so as to include all. 


TABLE JI.—STATE OF EMPLOYMENT. 


Total Number * Median of the 
in Branches Number Out of | Percentage Out | Percentages Out 
Work. of Work. 


Name of Society. making Returns of Work in the 


on Employment. Various 


A.S.E. 55,170 7,142 13 12 
O.S.B. 
&e. 





* Details of some of the most important branches should be added. 


TABLE II.—Current WaAGEs. 


Average of Wages in Branches. 
Name of Society. |——————______|_ ,, Quartiles of | Measure of Dis- 





Branch Wages. persi 
Unweighted. Weighted. : (o D136 (2) 
og s. a. s. @. s. a| 
AS.E - jo 0 29 7 28 0 32 0; ts 


O.S.B. 
&e. 





TABLE III. 
A. CHANGE OF WAGE BETWEEN 1865 AND 1885. 





Verbal Summary.—In the great majority of cases a con- 
siderable increase of wage took place between 1865 and 1885, 
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equivalent on the whole to a rise of about ro per cent. The 
figures are not sufficiently definite to give an exact average. 


TABLE III.—B. CHANGE OF WAGE BETWEEN 1865 AND THE 
MAXIMUM ABOUT 1873. 


TABLE III.—C. CHANGE OF WAGE BETWEEN MAXIMUM ABOUT 
1873 AND 1885. 
(Tabulation as in III. A.) 


CHAPTER VII. 
THE GRAPHIC METHOD. 


I. GENERAL PURPOSE. 


THE two main methods of elementary statistics which ought 
to be understood by all students or officials who handle figures, 
which are easily within the grasp of all independently of mathe- 
matical training, but are generally misunderstood or ignored by 
the uninterested or the uninitiated, are the method of averages 
and the method of diagrams or the graphic method. These two 
are placed together because the uses of averages and diagrams 
are nearly related. When we deal with large and complex 
masses of figures we are unable to grasp them in 
their entirety, however clearly they may be tabu- 
lated. Any list of figures—the populations of different towns, 
the death-rates at successive ages, the wages of many work- 
people, the imports for a series of years—becomes less compre- 
hensible as its length increases. A series of ten numbers can, 
perhaps, be easily grasped, of twenty only with an effort ; while 
a printed list of figures for one hundred successive years leaves 
hardly any impression on our mind at all; we cannot see the 
wood for the trees. The test to which all questions as to the 
use of averages should be referred is that the averages selected 
should afford the best summary of the whole group in question 
that the mind can grasp. When the meaning of the word 
average was sufficiently extended, we found that we could select 
three, four, or even ten suitable figures which adequately showed 
the main features of any group. The main use of diagrams is 
also to present large groups of figures so that they shall be 
intelligible in their entirety, and the test for all diagrams is that 
the diagram as drawn should afford the best view of the series 
or group of figures that the eye can appreciate. Diagrams have 
one use which averages have not, for it is only by a diagram that 
a series of figures relating to successive years can be adequately 
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presented ; but in reality they are less essential than averages, for 
the latter often have an existence independently of the figures 
from which they are derived, representing true types of the 
quantities which are being measured; and by their use alone 
are further comparisons of complex groups made possible : while 
diagrams, on the other hand, might be dispensed with, being 
auxiliary rather than essential, merely an aid to the eye and 
a means of saving time. 
To connect this chapter more closely with the preceding, we 
Graphic Will show how the same group of figures, for 
representation eXample the wages of a large group of workpeople, 
anderesét- may be represented by either method. 
Consider the following data :— 


Numbers of workpeople earning— 





From 15/to 16/ - 200 From 25/ to 26/ - 1,200 
» 16/,,17/ - 400 » 20/ ,, 27/ - 800 
» I7/,, 18/ - 100}1r,000 ,, 27/ ,, 28/ - 700}3,500 
» 18/,, 19/ - 100 » 28/,, 29/ - 500 
» I9/,, 20/ - 200 » 29/,, 30/ - 300 
» 20/ ,, 21/ - 200 » 30/,, 31/ - 300 
» 2i/,, 22/ - 500| » 31/,, 32/ - 400 
» 22/ ,,23/ - 300;2,200 ,, 32/,, 33/ -  400}2,100 
» 23/ 5, 24/ 2 500 ” 33/ »» 34/ > 500 
» 24] 5, 25/ : goo ” 34/ » 35/ ~ 900 
From 35/ to 36/ - 600 
Py) 36/ ” 37/ _ 400 
» 37/ » 38/ -  100;1,200 
» 38/,,39/ - 80 | 
9” 39/ ” 40/ = 20 


Using the method of averages we should replace this group 
by the following figures :-— 


Ss. @. 
Average of all - - 5 25 5 + 27 6 
es lowest 1,000 - - - - 17 0 
i highest 1,000 - - - - 36 6 
es middle 4,000 - - 2 27 O 
or 
Median, 26/9; quartiles, 24/2, 32/. 
Deciles, 20/, 23/6, 24/9, 25/8, 26/9, 28/2, 31/, 33/4, 35/4. 
Mode, 25/3; secondary positions, 16/6, 36/. 
or 


Persons earning from 15/ to 20/ 20/ is 25/ ce = 30/ ae. 35/ 35/ bie 40 
Percentages of all - 
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This group is represented on the annexed diagram, an 
example of the graphic representation of the relation between 
two variable quantities. A figure similar to this ¢.euctton 
may be used to show marriage, or death-rates at _of simple 
different ages, numbers of persons of various ~~ 
statures, demand at different prices, or any such group of 
homogeneous quantities. The same construction can be 
used to show the changing values of any number in a series 
of years. Draw a line parallel to the bottom of the page, and 
mark equal intervals to represent a quantity which can have 
many successive small increments, such as age, income, height, 
price, time, and so on. This is called the axis of abscissa, 
and the distance of a point measured from the zero position 
along the line is called its abscissa. At right angles to this 
line, parallel to the side of the paper, through the zero position 
we draw another, called the axis of ordinates, and grade this 
to correspond to the numbers possessing the qualities repre- 
sented by the abscissz; at each grade on the axis of abscisse, 
draw lines at right angles to it, to represent on the chosen scale 
the numbers at that grade; these lines are called the ordinates. 
In the annexed diagram the abscisse represent the amounts 
of wages, the ordinates the number of persons earning them. 
Join the tops of the ordinates by straight lines and the diagram 
is complete. In practice, when squared paper is used, without 
drawing the ordinates their tops can be marked. 

This diagram shows at one glance the distribution of the 
wage-earners according to their wages. Asmall number earned 
between 15s. and 16s., a slightly larger group pa nistion 
between 16s. and 17s., very few between 17s. and _ of the wage 
tgs. Above Igs. the number continually rises; ia 
high numbers are found from 24s. to 27s., the highest between 
25s. and 26s. The line falls to the 30s. group, but not so low 
as between 17s. and 1gs., then it rises regularly to 36s., and 
falls rapidly to 39s. Here, then, we have the main group 
congregated in the neighbourhood of 25s., a distinct but smaller 
group at 36s., and a small and nearly isolated group at 16s. ; 
representing a considerable group of highly-skilled men between 
30s. and 4os., the great mass with ordinary skill between 20s. 
and 30s., and a small group of incompetents at 16s. These 
features would not be so easily seen from the tabulated 


figures. 
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It 1s to be noticed that the number tabulated as between 
15s. and 16s. is represented by the ordinate at 15s. 6d., the 
middle of the interval; if the original figures on which the 
table was based had been given to the nearest 1d., the ordinate 
should be drawn at 15s. 544. It is important that these middle 
points should be accurately placed. 

The use ot the line joining the tops of the ordinates is two- 
fold. First, it enables the eye to judge relative heights more 
easily; and secondly, it suggests the idea of con- 
tinuity, which can be better illustrated by the next 
diagram. In this the abscisse represent ages, the ordinates 
the estimated numbers of persons living at and above the ages 
at which they stand per thousand inhabitants of England and 
Wales at the middle of the year 1891. The ordinates were 
drawn at the points on the axis of abscisse representing the 
middle of each year of age; but length of life cannot be ex- 
pressed exactly in years, or even in months, days, or minutes. 
The intention of the diagram is to show the proportion living 
above each age, and for this purpose the joining line should 
have no breaks or sharp angles, but should suggest absolute 
continuity. 

In practice, it is useless to mark in the points for smaller 
intervals than a year, for the eye could not grasp the detail. 
It is, however, implied that the line drawn has the same shape 
as that which would result if the number of persons was infinite 
and the subdivision by age infinitesimal. 


Continuity. 


Estimated number per 1,000 of the population at and above— 
Ages. Ages. Ages, Ages. 


Ages. 
Oo 1,000 16 628 32 346 49 152 65 47 
I 973 17 = 607 33-332 50 =: 143 66 = 43 
2 949 18 = 587 34 «318 5I 135 67 = 38 
3-925 19 567 35. 305 52 127 68 34 
4 901 20 («547 360-292 53 «119 69 31 
5 877 21-4528 37. 280 54 «112 go 37 
6 854 22 510 38 268 55 104 71 24 
7 ~~ 830 23-491 39-256 56 98 72 «ak 
8 807 24 474 49 244 57 QI 73 +18 
9 783 25 456 41-233 58 85 74 «15 
10 760 26 8-439 42 222 59 79 75 = 13 
It 738 27 423 43-211 6o 73 76 II 
12 715 28 407 44 201 61 67 "7 9 
13 693 29-391 45 191 62 62 78 8 
14 ©6671 30 = 376 46 181 63 57 79 6 
15 049 $I 361 47-171 64 52 80 5 
48 161 


Calculated from the Census of 1891. 
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NuMBERS PER 1,000 OF THE POPULATION ABOVE ASSIGNED AGES. 
Numbers. 
1,000 


| 
1 


—~ 


~e 


ee 


Ages. 10 20020230 40 50 60 70 80 


Apply these remarks to the diagram facing p. 127. Average 
earnings for a year will not be reckoned exactly by shillings 
or even pence; if we had a sufficient number of instances we 
should get regular sequences of earners at successive farthings, 
and the line representing them would have no sharp angles, 
but be continually curved. The figure rightly gives the eye 
this impression of continuousness. Similarly in the diagram 
representing exports facing p. 134, the line correctly gives the 
impression that exports are continuous day by day. 

By an obvious step we may suppose that the unit of area, 
that contained between vertical lines through two consecutive 
divisions on the axis of abscissa, and horizontal 
lines through two consecutive divisions on the axis 
of ordinates, represents one wage-earner, and it is then easy 
to see that the area contained between the base line, the curve, 
and two vertical lines through the points marking any two 
amounts of wage represents the total number earning rates 
between those amounts. 

Hence the lines (diagram, p. 127) through M, the position of 
the median, Q,, Q, those of the quartiles, D,, D,, Ds, D,, M, Dg, 
D,, Dg, D, of the deciles divide the area ABm,m,m,CD into two, 
four, and ten equal areas respectively. The centre of gravity 
of this figure lies on the vertical line through V, the average 
wage; and the feet of the ordinates through the highest points 
My, Mz, Mm, are at the modes. 

Kk? 
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When the grades in which the data are tabulated are wide 
it is better to use the method of the next diagram, which we 
may call a block diagram. 

This and the drawing underneath it illustrate the numbers 
of married men distributed by age which are given on p. 86. 

Graded data, 2 that table we have no information except 
that such a proportion are as old as twenty years 
and not as old as twenty-five years, etc. This is precisely 
represented by constructing a rectangle with base the interval 
that represents five years, and height proportional to the 
number recorded within that interval. The method of the 
diagram facing p. 127 would suggest that all were at the 
middle of the grade. In the case of ages we know that the 
succession of numbers year by year ought to be continuous. 
and a complete representation would be a continuous curve, 
such that the area standing on a five years’ interval equals 
the area of the corresponding rectangle. Such a curve is drawn 
free-hand on the diagram. If the figure is such as to leave 
little margin of uncertainty as to the position of the curve 
throughout, then the curve is an adequate representation of 
the facts. 

The data may also be represented by the lower diagram, 
where the crosses show the information as recorded in the 
table. These crosses are joined by straight lines ; the resulting 
figure may, if the phenomena are continuous, be replaced by 
a curve, which in this case would hardly be distinguishable 
from the straight lines. 

The details of technique of diagram drawing, the position 
of the scales, the devices for making the figure clear, and so 

Requisite On, Can be gathered from the various diagrams 

eccuracy. given in this chapter. The degree of accuracy to 
which the figures should be marked, whether correct to a 
million, a thousand, or a unit, is determined simply by the 
power of the eye to grasp detail; in most of those here given 
it will be found that a displacement of one in a thousand is 
perceptible, and this is the ordinary limit. More minute 
accuracy is useless, for it is not the function of diagrams to 
dispense with lists of numbers, but only to enable the eye to 
perceive their significant features. 

Before discussing the choice of scales on which the numbers 
are to be represented, it is necessary to consider the ways in 


DISTRIBUTION BY AGE OF MARRIED MEN, ENGLAND AND 
WALES, rorr. 


I. Brock DraGram. NUMBER PER 1,000 IN 5-YEAR GRADES, 
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which a diagram makes an impression on the eye. The eye 
can judge—(z) Distances; (2) ratios; (3) angles. Oe ey 
The dotted lines in the diagram facing p. 134 will 
illustrate these points. (1) The eye is a fairly safe judge of 
distances; there is very little doubt which of two points is the 
further from the base line; when squared paper is used, a 
difference of I in 1000 is perceptible. The eye can also judge 
differences quickly. In the figure the value of the exports in 
1883 exceeded that in 1885 by more than the value in 1890 
exceeded that in 1883. (2) It can be seen that the value of 
exports approximately doubled between 1862 and 1889; or 
that the value in 1878 is about three-quarters of that in 1890. 
The accuracy with which the eye can make such measurements 
is not great; it is not easy to detect that the ratio of the values 
in 1873 and 1871r (1°095 : I) is greater than the ratio of the 
values in 1882 and 1880 (1°'073 : 1); but the general impression 
given by the diagram is partly made up by unconscious calcula- 
tions of this nature. To make these observations accurately 
the method described on pp. 169 seg. should be used. Notice 
that for these observations the insertion of the base line is 
necessary; and, because they are made unconsciously, a dia- 
gram showing movements over a series of years without a base 
line gives an incorrect impression. (3) The question, Was the 
increment greater in 1886-87 or in 1887-88? can be more 
quickly answered by observing the angles than by noting the 
differences. The line showing the latter change is steeper 
(makes a greater angle with the horizontal) than the line showing 
the former. Hence the latter increase is the greater ; actually 
£12,600,000 against £9,200, ooo. The most useful exercise 
of this power, however, is to judge the dates at which the rate 
of increase changed; thus the value of exports increased in 
1862-63, increased at a slower rate in 1863-64, and slower 
yet in 1864-65, more rapidly in 1865-66; a slow fall followed 
in 1866-67, then an increase began which is continually 
accelerated to 1871, and so on. The line from 1872-76 is 
concave to the base line, showing an accelerated fall; the 
concavity from 1879 to 1882 corresponds to a retarded 
rise. The increases so shown are absolute or actual, not 
ar or in ratio to the quantities at the beginning of each 
period. 

It is difficult to lay down rules for the proper choice of the 

K2 
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scales by which the figure should be plotted out. It is only the 
Choice of  Yatio between the horizontal and vertical scales 
scale. § that need be considered. The figure must be 
sufficiently small for the whole of it to be visible at once; if the 
figure is complicated, relating to a long series of years and 
varying numbers, minute accuracy must be sacrificed to this 
consideration. Supposing the horizontal scale decided, the 
vertical scale must be chosen so that the part of the line which 
shows the greatest rate of increase is well inclined to the vertical, 
which can be managed by making the scale sufficiently small ; 
and, on the other hand, all important fluctuations must be 
clearly visible, for which the scale may need to be increased. 
Any scale which satisfies both these conditions will fulfil its 
purpose. The page opposite shows the erroneous impressions 
which can be given by a judicious manipulation of the scale 
and by the omission of the base line. The diagrams, which 
are drawn roughly, all represent the same estimates of wages in 
England and in the United States of America for certain years 
from 1860. Figure sets the linesin proper relief. In Figure 2, 
Necessity of the base line is not drawn in the zero position 
correct for the English scale, and the American scale is 
bee ine- reduced; the consequence is that English wages 
appear to have fluctuated widely, while American made steady 
progress. In Figures 3, 4, and 5 the scales are doctored and the 
base line adjusted, so that in 3 American wages seem to have 
caught up English, in 5 exactly the reverse is the case, while in 
4 wages appear to have moved with equal rapidity in both 
countries. An examination of these figures will show that the 
eye cannot be trusted to supply the right base line, or to 
estimate the importance of fluctuations without it; and, with 
certain exceptions to be mentioned later,* it is well to distrust 
all those numerous diagrams, where space has been economised 
at the expense of the base line. 
We can now pass on to the consideration of the smooth- 
ing of curves, for which purpose the question of the “ alleged 
Smoothing  Stationariness of our exports,” discussed by Sir R. 
cuve. Giffen in his paper before the Royal Statistical 
Society in 1899, affords an excellent illustration. The thin 
dotted line on the diagram opposite shows the value of exports 





© See pp. 155 seg. and p. 171, infra. 
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ToTAL DECLARED REAL VALUE OF BriTIsH AND IRISH PRODUCE 
EXPORTED FROM THE UNITED KINGDOM. I = £1,000,000. 





* Not including the vatue of ships exported, 


year by year, and the first impression given by it is that exports 
have not grown in value in recent years. Sir Robert Giffen 


gave the following table :— 


AVERAGE ANNUAL VALUE OF EXPORTS. 


1855-57 - -  -  - +  £134,000,000 
1865-67 - - -  - = 228,000,000 
1875-77 - - - - - 264,000,000 
1885-87 - - - - - 274,000,000 
1895-97 - : - - - 292,000,000 


and from this he deduced “ that all through there is an increase, 
and that the only sign of stationariness is an increase at a less 
rate in the last periods than in the earlier periods.”’ 

The Saturday Review * wrote “that such a conclusion is 
grossly misleading,”’ for the figures are merely triennial averages 
of selected years showing a happy coincidence ; ‘‘ why was not 
1898 included? ’"’ An inspection of the numbers does not show 
us the answer to this criticism, but on the diagram the whole 


* January 1899, pp. 66, 67. 
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circumstances are visible at a glance. Since 1865 three great 
waves have been completed. The maximum of 1872, due to the 
inflated prices of that year, is very high, but that of 1890 is 
greater than any previous figure, while the maximum in 1882 is 
comparatively low. The minima increase throughout ; those 
of 1868, 1879, 1886 show a regular progression, which falls off 
greatly in 189r. In 1894-096 it looked as if another decennial 
cycle was in progress, but this was checked in 1897. Since 
the discussion, the returns for the successive years to 1906 
have shown an increase, surpassing that which preceded 1872. 

The Saturday Review went on to ask why Sir Robert Giffen 
did not give ‘‘ proper quinquennial averages,’’ such as— 


AVERAGE ANNUAL VALUE OF EXPORTS. 


1870-74 - - -  - = £235,000,000 
1880-84 - - - - ° 234,000,000 
1890-94 - - - - - 234,000,000 
1898 - - - - - 233,000,000 


and it must be granted that this gives an appearance diametric- 
ally opposite to that of the previous table. 

It is clear that we need some general method of bringing 
these figures into a form which shall be quite independent of the 
choice of any special years. The diagram facing page 134 does 
this. The thin continuous line, lying almost over the dotted 
line of annual values, shows triennial averages taken yearly, 
that is the average of each year with those before and after it ; 
this line smooths off the corners without affecting the general 
appearance. The line of crosses shows quinquennial averages, 
each year being averaged with the two previous and two 
subsequent years. The line of circles shows decennial averages ; 
each circle is placed at the centre of the period whose average 
it represents ; thus the circle showing the average of the ten 
years 1875-84 is placed vertically over the line separating the 
years 1879 and 1880.* 

On looking at the line of quinquennial averages it is clear 
that the Saturday Review did precisely what it accused Sir 
Robert Giffen of doing, for years are taken which cance of 
favour the argument. The quinquennial periods mie 
selected for comparison with 1898 are all on the upper parts 


* In all the curves of averages the mark showing the average is placed at 
the centre of gravity of the showing the 3, 5, Or to quantities averaged. 
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of the waves, the marks showing these averages are very near 
the maxima of the quinquennial line, while the year 1898 does 
not appear to be a maximum. We might with just as much or 
as little accuracy give the following :— 


QUINQUENNIAL AVERAGES OF THE VALUES OF EXPporTs. 


1865-69—és- - - - {181,000,000 
1875-79 - - - - - 201,000,000 
1885-89 - - - - = 226,000,000 
1898 - - - - - 233,000,000 


and say that the value in 1898 was higher than any of the pre- 
vious selected averages. There is no need to use arbitrary dates 
to get at the facts. No argument can stand which does not take 
account of the cycle of trade, which is not eliminated till we 
take decennial averages. Special marks in the diagram show 
the averages for decennial periods, indicating a rapid increase 
before 1870, followed by steady slow progress till the subsequent 
expansion. The complete line gives just the same general 
appearance. If, finally, the figures were completely smoothed 
by a freehand line keeping as close to this as was possible, 
without making sudden changes of curvature, the same appear- 
ance would be given; the thick line on the diagram is an 
attempt to do this. The smoothing is obtained by the assump- 
tion that the cycle of trade is ten years; when two maxima fall 
within the same ten years the average of this period by our 
construction gives the appearance of a maximum (e.g., in 1887) 
at a date of a minimum. This would be avoided if we con- 
tinually changed our period for averaging to accommodate 
the changing wave-length, a somewhat arbitrary proceeding. 
The difficulty thus arising can be easily corrected by the eye, 
and the final smoothed line is intended to convey this corrected 
impression. 

It should be clear now that it was in 1899 five years too 
soon to pay attention to the particular figure for 1898; the 
figures for the next five years, necessary to determine the char- 
acter of the coming wave, could not be foretold. When these 
are included it is seen that each decennial average (for 1890-99, 
1891-1900, etc.) established a new record, and that the figures 
for each year from 1900 to 1906 are greater than those of any 
previous maximum. It will beseen, moreover, that the sentence 
quoted from Sir Robert Giffen on p. 134 is fully justified. 
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The smoothed line now constructed represents the general 
tendency of the value of exports, when accidental and tem- 
porary variations are removed. Ifit were possible  yioiine of 
to separate entirely variations of short period from smooth line 
secular changes, to separate the ebb and flow of the 
tide of commerce from the steady current of increasing trade, 
we may suppose that we should obtain a result represented by 
this line. In it there are no sudden changes even in rates of 
growth, while the addition and subtraction year by year of 
relatively small quantities would produce precisely that 
irregular fluctuating line from which the smooth line was 
obtained. 


The diagram can be continued from the following numbers :— 


1907. - - - 416°0% 369°1 338°0 301°% 
1908 - += - 366°5* 383°2 354°0 314°4 
19099 = = = 372°3*% 384°9 369°2 326°1 
Igio - - - 421°6* 386°8 388-7 339°9 
I9QIE - + + 448°5%* 4t4't 405°0 356°7 
19QI2  - - + 480°2% 450°! 417°8 377°9 
1913, = = 542" 4810 427°4 400°7 


* Not including the value of ships exported. 


The records during the war are not comparable with those here 
given. The reader is recommended to study the diagram as printed 
and to judge how far forecasts of amount, fluctuation and general 
movement are possible, before looking at the actual records of 
1907-13. 


The direction of the smooth line at any date may be called 
the érend of the series at that date. When the smooth line is 
approximately straight over several years, its general direction 
shows the trend in that period. 


A special method of determining the trend has been recently 
used by Professor Moore (Statistical Journal, 1919, p. 375). He 
assumes that the general movement over a stretch of years can 
be represented by the equation y=a+bx-+-cx*+-dx5, and determines 
the values of a, b, c and d by the condition that, if y: is the observed 
value at a date x:, then S(y: — a— bx: — cx:2 — dx)? should be a 
minimum. Professor Persons (Review of Economic Statistics, Har- 
vard, Preliminary Volume, No. 1) assumes that a straight line is 
sufficiently accurate and minimises S(y.— a — bx)*. It is doubtful 
whether either of these methods is of general application, and 
Persons’ hypothesis in particular must be used with discretion. 
The method of moving averages (used in the test above) is cer- 
tainly more sensitive for showing changes in the direction of the 
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trend if a long series of years is under consideration, and the 
general causes which determine the phenomena have definitely 
varied several times. 


The fuller discussion of ‘‘ smoothing ”’ series of figures be- 
longs to the chapter on interpolation, but one other group may 
Smoothinga Were be considered, as showing the use of the 
homogeneous praphic method for obtaining regularity out of 
ove irregular raw material. Referring back to the 
figures given on p. 69, we can exhibit the wages of 5000 
workers anew by a diagram, in which the ordinates represent 
the numbers earning a or above a certain wage. The thin 
angular line on the adjacent page represents these numbers, 
entered for every Io-cent group. This plan is especially useful 
for irregular figures, like this wage-group, for the line must 
always tend upwards from the numbers earning the highest 
wage to the numbers earning at least the lowest. The diagram 
is also at once adaptable to the graphic method of finding the 
median described on p. 1006. 

The irregularities shown by the thin line do not arise from 
any law of wage-grouping, but are due to the accidents of obser- 
vation; if we regard these returns as samples out of a much 
larger unregistered group, we may suppose that a smoothed 
curve will indicate approximately the form which would be 
obtained, if our returns were complete. To smooth this figure, 
draw a freehand line passing as near the points as possible 
without abrupt changes of curvature, as in the annexed diagram. 
A new approximation may be made for the median, quartiles, 

Graphic methoa €tC., by drawing horizontal lines through the points 

of finding the On the vertical scale corresponding to half, one- 

quarter, three-quarters, etc., of the workers; from 

the points where these cross the smooth line, draw vertical lines 

to the scale of dollars; the points on the scale so obtained are 
the median (quartile, etc.) wage. 


The results obtained are :— 
Median. Quartile. Quartile. 


Givenonp.j7o  - - $1.49 
By method of p. 106, used © 

in annexed - $1.49 $1.16 $2.12 
From smooth curve in an- 

nexed diagram - - $1.51 $r.15 $2.13 


By method of interpolation, 


p. 227 - : $1.536 eas or 
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This method is not, however, one of great precision ; a very slight 
change in the curvature of the smoothed line would make more 
difference than those shown between the second and third lines 
in the above table. 

This method is useful for determining the mode approxi- 
mately. It will be remembered that the difficulties in doing 
this before arose from the uneven distribution on Sate 
the two sides of the mode, and in the displacement of finding the 
of the mode by the adoption of a second system of 
tabulation. The first of these difficulties entirely disappears 
in the graphic method, while the second is diminished, for 
the displacement now only depends on the slight possible 
variations in the curvature of the smooth line. The mode is 
clearly the position where the greatest number is added, in the 
present method of representing the figures : that is, the mode is 
where the line, angular or smooth, is steepest. On the smooth 
curve the maximum steepness is where the tangent crosses the 
curve,—in mathematical language, at a point ofinflexion. This 
can be determined mechanically by placing a ruler to touch the 
curve, and turning it round the curve till it crosses it. On the 
annexed figure this occurs in the interval bet ween $1.10 to $1.40. 
A more complex method of determining both mode and median, 
is discussed in Chap. X, pp. 227-8. 

This graphic way of finding these means has two great 
advantages. It can be applied to numbers which are given 
at irregular intervals of graduation (e.g., 30 at 30s. 6d., 40 at 
30s. 83d., 35 at 40s. Id., etc.) as easily and by exactly the same 
construction as to more regular returns; and if the smooth 
curve is carefully drawn, the xtsmber of modes can be seen at a 
glance and the individual importance of each can be estimated. 
In the annexed diagram, the curve is concave to the base line 
from $.30to about $1.20, convex from about $1.20 to $3.15, 
concave till $3.40, and then convex till the end. The points of 
inflexion or the modes are where concavity gives way to con- 
vexity. Hence there are two modes, of which that near $3.4 
is of the less importance. 


A large class of diagrams may be passed by with a few 
words. Writers and lecturers frequently use points, lines, 
triangles, squares, circles, even pictures, of dif- 
ferent sizes to assist the presentation of the 
relative magnitude of numbers. These have their use for 
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popular lectures and hand-books, but do not add anything to 
the significance of the figures. Collections of these may be 
found in the second volume of Gabaglio’s Teoria Generale della 
Statistica, and in M. Levasseur’s La Statistique Graphique in the 
Jubilee Volume of the Royal Statistical Society. 

Of these one group may be signalled as of practical use. 
Rectangles may be used to express three quantities : one side 
to represent price; the adjacent side, quantity; and the area, 
value : or number of houses, average number of inmates and 
population : or number of hours’ work per week, average output 
or hourly wage, and total output or weekly wage. The figures 
on the annexed page show the limit to which this method can 
be usefully pushed. 


REPRESENTATION OF THREE FACTS BY RECTANGLES. 


Imaginary budgets of an artisan and a labourer, showing amounts 
spent weekly on various commodities, and number of hours’ work 
necessary for each amount. 





Per week, Per week, 
% Ll. 135. 4d. Zi. 
50 60 i apa 
$ : . cf 
. fea ~ ~ Pf 
45 / 
, 2, 
a ae - Son a 50 oe The horizontal scale 
Dae ai represents pence per hour. 
35 1 
e g ee -125 inch = 1d. 
z 30 ar / 2 2 40 mA The vertical scale re- 
© se 8 ____. __ presents number of hours 
4 S per week. .1 inch = 2 hours. 
p20 = 5 30 The areas represent 


ce amounts spent, and the 
whole rectangles show the 
week’s wages on the same 


= 
a 
~ 
AS 
a 


50 20 
scale. 1 Sq. in. = 138. 4d. 
5 
) Z 10 
8d. per bour. 
° 
4d. per hour. 


A Joint Committee on Standards for Graphic Representa- 
tion has since 1916 worked at the best methods for presenting 
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statistics graphically, and has made many useful suggestions 
which may produce uniformity in treatment and avoid 
errors. 

The use of statistical maps can only be afforded a brief 
notice here. Any numerical quality of a population, its 
density, average income, average taxation, may 
be shown district by district by suitable markings, 
or colours. Of these the most useful method is to choose one 
colour, say blue, for excess above the average; another, say 
red, for defect. Divide the districts in nine groups, say more 
than 7 per cent., 5 to 7 per cent., 3 to 5 per cent., r to 3 per 
cent. above the average : these should be marked by four shades 
of blue, becoming lighter as the average is approached ; within 
I per cent. of the average, above or below, should be white; 
and shades of red, gradually becoming darker, will show the 
remaining grades below the average. Care must be taken 
not to adopt too many grades. For examples of this method 
see Booth’s Life and Labour of the People, maps; the Stattstecal 
Atlas of the XIth Census of the United States; the Statsstical 
Atlas of India; and the maps in M. Levasseur’s paper just 
mentioned. A cheap and very effective method, by which 
similar results are obtained in black and white only, may be 
seen on Plate P (misprinted 2) in that paper, and in the excellent 
chapter on Graphic Representation in Bertillon’s Cours 
élémentaire de Statistique, p. 133 seq. 

A common defect in maps of this class arises from the fact 
that records generally relate to administrative areas, while the 
phenomena to be represented are independent of these. An 
example will make this difficulty evident. Ifa map is made of 
England in 1911 colouring the counties according to the 
density of population, Cumberland will be marked by the 
colour appropriate to 27 persons per roo acres, and Northumber- 
land by that for 53 persons. The colour will change abruptly 
in a moorland region where for many miles the population is of 
a uniform sparseness. This difficulty can be overcome by 
either of two methods. Minute divisions, ¢.g., civil parishes, 
can be taken as the units, and each shaded in black only, 
the amount of pigment increasing with the population; or the 
population can be marked s sts as accurately as the data 
allow, a dot of uniform size being placed for each roo people, 
with a modification of method for dense districts. A map of 
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this kind is reproduced in Professor Secrist’s Statistical Methods, 
1917, p. 189. 
2. HISTORICAL DIAGRAMS. 
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Perhaps the chief use of diagrams is to afford a rapid view 

of the relations between two series of events. 
The different cases that occur are best illustrated by 
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examples. The simplest is when we wish to compare two sets 
of figures expressed in the same unit, say { sterling ; compesison of 
and the simplest of these when we wish simply to ‘s= 
compare a whole and its parts. 

On the adjacent diagram the upper line shows the annual 
total gross revenue of the United Kingdom (Stattstscal Abstract, 
1906 *); the next line, that part which comes  inustratedty 
from inland revenue and customs, the difference ‘+=. 
being mainly composed of post office receipts. The principal 
heads of revenue are customs, excise, income tax, and post 
office. These are shown by suitable lines for each year, each 
line being independent of the other, and all having the same 
base line and being on the same scale. This method is greatly 
preferable to the alternative one of drawing a second line 
representing the total less customs, a third the total less customs 
and excise, and so on, because the eye is then quite incapable 
of judging the relative movements of the separate items. 
The figure shows at once the main features of the course of 
revenue. The increase has been rapid but irregular. The 
rapid growth in 1854-57 was not at once maintained, but the 
figures for the 60’s are at a far higher level than those for the 
50’s. Arapid fluctuation in 1870 is followed by a more regular 
growth almost unchecked till 1887; and then, after a short 
stationary period, there are great increases in 1895, and between 
1898 and 1903. Nearly the same remarks apply to the line 
showing inland revenue and customs. If we look for the parts 
of the revenue that have borne the increase and change, we see 
that prior to 1900 receipts from excise had increased most, 
next those from the post office, and next those from the income 
tax, while the customs had diminished. Each line has its 
distinctive features. The post office payments show an almost 
regular growth. The income tax fluctuates violently, bearing 
the brunt of nearly all the rapid changes in the total, especially - 
in 1856 and 1870, and rgo0-02. The excise line shows a 
moderate increase till 1870, a sudden jump to 1874, and a very 
slow growth since that date. Customs, on the other hand, 
have to some extent taken an opposite course to that of excise, 
so that the total from the two had not changed very rapidly 
prior to 1900. At the top of the page a new base line is taken, 


This diagram cannot be carried later owing to a change in the book- 
ieeciig of Imperial and Local taxation accounts. 
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REVENUE OF THE UNITED KINGDOM. 
Unit, in all columns, £10,000, 


Inland 





Property 

ear ended Total Revenue Post and 

is March | Revenue. and Customs, Excise. apa, tucome Telegraph. 

Customs. 
1850 5.739 5,431 2,226 1,497 560° 216 
x85r §,732 5.412 2,204 1,528 560* 228 
1852 5,658 5.335 2,222 1,538 550" 237 
1853 5.753 5,401 2,214 1,575 570° 237 
1854 »890 5,502 2,251 1,630 580* 252 
1855 282 944 2,163 1,680* 1,070* 237 
1856 7,026 601 2,324 1,730" 1, 520° 281 
1857 7:279 6,848 2,353 1,840" | 1,620° aga 
1858 6,788 6,309 2,311 1,782 1,159 292 
1859 6,548 5,987 2,412 1,790 668 320 
1860 7,109 6,570 2,446 2,036 960 331 
1861 7,028 6,514 2,331 1,943 1,092 340 
1862 6,986 6,412 2, 367 1,833 1,036 352 
1863 7,060 6,390 2,403 1,715 1,057 365 
1864 7,021 6,306 2,323 1,821 go8 381 
186 7,032 6,291 2,257 1,956 796 410 
18 6,781 6,036 a, 128 1,979 639 425 
1867 6,943 6,156 2,230 2,067 570 447 
1868 6,960 6,204 2,265 2,016 618 463 
1869 73259 6,422 2,242 2,046 862 466 
1870 71543 6,708 2,153 2,176 1,004 477 
1871 6,994 6,106 2,019 2,279 635 527 
1872 7,471 6,484 2,033 2,333 908 543 
1873 7,061 6,660 2,103 2,578 750 583 
1874 7:734 6,608 2,034 2,717 569 700 
1875 7,492 6,397 1,929 2,739 431 679 
1876 7:713 6,525 2,008 2,763 41 719 
1877 7:857 6,636 1,998 2,774 528 730 
1878 7,774 6,610 1,997 2,746 S8a 746 
1879 8,115 6,899 2,033 2,740 87% 757 
1880 7:934 6,695 1,933 2,530 923 777 
1881 8,187 6,895 1,918 2,530 1,065 830 
1882 8, 396 7,058 1,929 2,724 994 863 
1883 8,739 71313 1,966 2,693 1,190 gor 
1884 8,616 7,187 1,970 2,695 1,072 947 
1885 8,799 7,380 2,032 2,660 1,200 966 
1886 8,958 71493 1,983 2,546 1,516 989 
1887 9,077 7,01 2,015 2,525 1,590 1,028 
1888 8,980 7,566 1,963 2,562 1,444 1,060 
1889 8,847 7,360 2,007 2,560 1,270 x, 118 
1890 8,930 7,341 2,042 2,416 1,377 1,197 
1891 8.949 7,358 1,948 2,479 1,325 1,226 
1892 9,099 71534 1,974 2,561 1,381 1,363 
1893 9,040 7,480 1,971 2,536 1,347 I, 
1894 9,113 7.543 1,971 2,520 1,520 1,30% 
ad 9,468 7,865 2,011 2,605 1,560 1,334 
i 10,197 he 2, ae 1,610 1,422 
I 10,395 597 2,125 2.7 1,665 1,477 
1898 10,661 8,855 2,180 2,830 1,725 1,518 
1899 10,834 8.945 2,085 2,920 I, 1,586 
1900 11,984 9,963 2,380 3,210 1,875 1,665 
190% 13,038 10,956 2,626 3,310 2, 1,725 
1908 14,300 12,189 3,099 3,160 3,480 1.97 
1903 ™5,755 12,993 31443 3.210 3,880 1,8 
ie pee 77,935 3,385 3,155 3 1,935 
’ 1053 57 107 12 I, 

Ss 14,398 = oe 3.573 3,075 3.125 993 


3.447 3,023 3.135 9,203 
© These figures cannot be given accurately within £100,000, 
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and the number of pounds per head of the population is shown 
year by year; it will be seen that the only important increases 
were between 1853 and 1857, and from 1898 to 1903. 

So far we have found no more difficulty in the choice of 
scales than previously when dealing with only one line, for al] 
the lines on the larger diagram indicate millions choice of 
of pounds, and when the unit is {1, a new base ‘ent scale 
line has been adopted. But we may wish to show the change 
of population on the larger diagram. It is necessary, as 
we have already seen, to use the same base line for the two 
quantities to be compared; but we may choose any point for 
the beginning of the new line, adapting our vertical scale, for the 
eye can judge the proportionate changes wherever the line is 
placed. It is best to decide this point by defining the problem 
on which the comparison should throw light. Ifit is required to 
compare the growth of revenue with the growth of population 
since, say, 1850, we should start the new line at the point on 
the 1850 line where the revenue curve begins, and we can then 
see how the lines intersect one another again and again. Since 
1850, however, is an arbitrary date, this plan lacks definition, 
and it is more logical to make the lines coincide at the most 
recent date given, with which any previous date can then be 
compared. On the diagram the line is drawn on such a scale 
that it lies fairly close to that for inland revenue throughout 
the greater part of its course. 

The next diagram, facing p. 146, introduces further diffi- 
culties as to the choice of scales. The object of the figure is to 
show the relations between quantity, value, and s 
price of imported wheat, and population. The line quantity and 
A is first drawn on a scale chosen so as to throwits 
fluctuations into relief. Population is at once brought into 
relation with this by calculating the amount per head year by 
year. The line C to represent these figures is drawn on a 
different scale, chosen so that the line shall not cause confusion 
by continually crossing any of the others on the figure. If the 
figure was too full this could be treated as on p. 142, the revenue 
per head. The same scale of years must be used, and for 
simplicity of calculation and appearance, roo Ibs. consumed per 
head is measured by the same vertical distance as _petaits of 
10,000,000 cwt. imported. A and C refer to the ‘asructien. 
same quantities, and therefore similar lines are used in both 

L* 
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cases. The line B represents value and is shown by a broken 
line. For this line the choice of scale is more difficult. In the 
diagrams which follow, instances will be shown where special 
methods are used to bring out specific comparisons. Here this 
is not necessary, and a scale is adopted which brings the lines 
A and B into near relation, and shows the fluctuations of B, 
while the figure is made simple and intelligible by the repre- 
sentation of {20 by the same vertical distance as 20 cwt. 

The line D shows the changing price of wheat as deduced 
from columns A and B. The scale is chosen so that it boldly 
crosses the lines A and B; thus its fluctuations are clearly 
shown, and the numbers are easily seen, for 2s. per cwt. is 
represented by the same vertical line as 10,000,000 cwt. If the 
figure was accurately drawn, lines A and D would lie one over 
the other in 1876-77; they are therefore shifted very slightly 
horizontally, and clearness is preserved without the general 
impression being vitiated. 

The lines in the diagram, elucidated by the table, suggest 
many characteristics and changes which call for explanation 

Movements Dy Students of economic history. The consump- 

needing tion of imported wheat per head increased for 
cpaston- thirty years to 1895, and was then lower for some 
years, The quantity imported shows violent short-period 
fluctuations. The price after violent fluctuations from 1862 
to about 1878 fell for seventeen years with little intermission. 
Here no doubt is shown the effect of many causes : an increasing 
population, the fact that wheat imported is complementary to 
the home product which is dominated by the English weather, 
the variation of harvests all over the world, political events, 
the fall in the value of silver, the development of communica- 
tion and transport, etc. The function of the diagram is to 
show the general trends and the dates of change, but of course 
one cannot from it ascertain the causes. 

As regards the choice of markings for different lines, the 
chief rule is that lines which cross one another, unless very 
acutely, must be marked differently. The second rule is to 
mark similar quantities in similar ways. 

If it is possible to use more than one colour this principle 
can be easily carried out.* 


* See Wages in the Nineteonth Century, by the present author, diagram 
facing p. 90. 


IMPORTATION OF WHEAT AND WHEAT FLOUR, 1862-1906, 
120 






t Price: shillings per cwt. DD, 

Lerewt| , Value: millions of £ 8.8, 
sad , Quantity:millions of cwt....A.A. 
Quantity: lbs. per head .....C.C. 


To face page rg. 
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IMPORTATIONS OF WHEAT AND WHEAT Four, 1862 to 1906. 
Wheat flour is reckoned at its equivalent in grain. 





r.g® 
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The following table contains numbers for continuing the 
diagram. 





The general characteristics of a series in time are to be found 
in its trend and in the nature of its fluctuations, and such 
series may be classified as follows :— 

(a) With trend, in constant or gradually changing direction, 
trendand and no fluctuations. Statistics of the population 
Suctuations. of a country are generally in this class.* 

(6) With random fluctuations ; that is, fluctuations of such 

a nature that when a movement (up or down) is recorded in a 
year it does not lead to any forecast as to whether the move- 
ment in the following year will be up or down. Ex. Annual 
statistics of rainfall. 

(c) With compensating fluctuations; that is, when an 
upward movement in one year is generally compensated by a 
downward movement in the following. Birth, death and 
marriage rates frequently show such compensation. 

(4) Undulatory; that is, when after a maximum or crisis 
downward movements follow one another for some years till a 
minimum is reached and then there are successive upward 
movements. General price statistics, and indeed that great 
mass of records which is related to the so-called commercial 
cycles, are of this nature. 

(e) Periodic; that is, when every ten years or twelve 
months, or some other period, the sequence of ups and downs 
is repeated in the same order and (in some cases) the magnitude 
of the fluctuations is repeated. A seasonal example is given 
On pp. 159 seq. below. 


In (6), (c), (@), and (e) a trend may be combined with the 


* There are also series where the records are equal over several years 
and then move abruptly to another level and there reniasa foratime. Standard 
time-rates afford an example of this kind. 
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fluctuations. We may also have random or compensated 
fluctuations superimposed on an undulatory movement and 
a trend; ripples on the waves of a rising tide. When we have 
a time series of records, it is very important to consider the 
general nature of the trend and fluctuations shown, in order 
to form a judgment of the near future. If fluctuations are seen 
to be random and violent, we shall not be disturbed by a low 
record and believe some remedial measures to be necessary. 
In the case of compensating fluctuations, we shall anticipate a 
high value after a low one. If the series is undulatory we shall 
be prepared for a deferred recovery after the figures have once 
broken from a high value. 


3. COMPARISONS OF SERIES OF FIGURES. 

A. Before proceeding to the study of the next diagram, it will 
be well to define more exactly what is our object in comparative 
studies of figures, and to consider the means at our disposal. 

When dealing with two series of similar quantities such as 
the course of trade or population in two countries, we wish to 
see the general rate of progress (ascan be done by guasita in 
smoothing the curve), the years of special increase, °™Pe#om. 
the dates of maximum and minimum, in fact to compare the 
three things that the eye can see—the increase, the rate of 
increase, and the dates of change of rate of increase. The most 
obvious way to do this is, to take the same scale and base line 
for both countries and the same unit of measurement; but this 
method does not take us all the way. Wecan judge differences, 
it is true, and the additions in all the years in both countries, and 
we can see the highest and lowest points and dates of change of 
rate of increase; but we cannot compare rates of increase. 
It is not easy to judge ratio, though a rough guess at it is 
possible. Thusifthe trade is very different in magnitude in the 
two countries, equal absolute increments will mean very different 
relative increments, and it is difficult to be always on one’s guard. 

The remedy for this is to alter the arrangement of scales. 
Make a second figure, in which the unit shall be not a sum of 
money, but a percentage : let I per cent. of Eng- Percactage 
land’s trade, say in 1850, be the unit for the 
English line; and x per cent. of the trade of Germany, at the 
same date, for the German line. In other words, express the 
trade of both countries as percentages of their value in a given 
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year, and draw lines to represent these percentages. Alongside 
the diagram two or more scales can be placed showing the 
absolute amounts of the trade of each country. Then the rates 
of increase will be comparable, equal increments representing 
equal percentages of the trade of each country in 1850; and, 
in addition, the dates at which either country gained ground 
relatively to the other can be easily picked out. The question 
whether absolute rates or relative rates should be studied 
is a very common one in statistics. Sometimes the absolute 
Atectute or magnitude should be known, as for instance when 
relative we want to estimate the effect of measures which 
progres. = will affect the well-being of special classes, or the 
trade of special countries; sometimes the relative rate, as when 
we want to watch the progressive increase of different industries, 
or to be on our guard as to future competitors. The two studies 
generally require two different diagrams though they may 
represent the same numbers. 


It will be seen that the chief difficulty lies in the choice of 
the year in which the quantities are to be equated; this must 
be decided by the nature of the argument which the diagram 
is to illustrate. 


We may compare the following numbers— 





in three ways, shown in the diagrams on p. 151. 


In Figure 3 the fluctuations are seen as percentages of the 
values at the last date, and are thrown into better proportion 
than in Figure 1. It is frequently the case that the equating of 
quantities at the most recent date throws what are often small 
beginnings into their right proportion when viewed from the 
modern standpoint. The statements that the values in 1880 
were 40 and 67 per cent. respectively of the corresponding 
present values, is in better perspective than the statement that 
the values in 1900 were 250 per cent. and 150 per cent. of the 
corresponding values in 1880; but circumstances must decide 
in each case which method is to be adopted. 
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1. Expressed as percentages of values g. Expressed as percentages of values 
in 1880, es : in 1890. 
Scales i Scales 
A. 8B. 1, A 
440 9320 t mee el enience era 
330 240 - 1§0 660 360 _ 
220 160 


100 440 240 A 


110 «= 80 §0 220 120 
2880 1890 2900 1880 1890 


3. Expressed as percentages 


of values in 1900. 
Scales 
‘le a 
150 49§ 600 a 
100 «6330 400 ! 
50 165 3200 
| 
1880 1890 1900 


These points are fully illustrated by the annexed diagrams, 
the object of which is to analyse the progress of our trade with 
our colonies and with foreign countries, especially wen 
Germany. The first figure shows the total im- tom wate win 
ports and exports, and the parts of each which “"™" 
are colonial and foreign, the scale in millions of pounds being 
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the same for all the lines. A line is also given for imports from 
Germany, Holland, and Belgium; these are grouped together, 
because it was not possible till 1904 to distinguish in the returns 


Imports AND Exports, 1862-1905. 
Unit in all columns, £100,000, 





ool Holland asd 
Beigium. 
1,604 279 
1,642 253 
1,812 a 
q, 
9,233 388 
2,144 373 
2,277 $79 
2,250 495 
2, 384 499 
2, 581 
2,753 455 
2,903 3 
es ws 
2, 1 
ago8 | 5 
3,049 590 
nt = 
2,84 
3,187 a8 
oO 3a 
: 3 acs 
3,282 6928 
2,943 646 
2, 866 638 
2,680 609 
2,784 646 
3,007 684 
3.304 715 
3.245 
3,360 7 
3,259 71S 
3,128 720 
3143 736 
3,210 739 
3,485 76% 
3,5 760 
a 786 
3,781 834 
4! 861 
4,163 897 
4,215 950 
4,289 973 
4,310 96a 
4372 99° 


from the two latter home manufactures from German goods in 
transit. It is not clear from this diagram which part of our 
imports has increased most rapidly. The three lines are, 
therefore, redrawn in the second diagram, on a percentage scale, 
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all the values being expressed as percentages of the corre- 
sponding values in 1905. It is now seen that imports from 
foreign countries and from our colonial possessions and India 
have marched together except during the period of the cotton 
famine, but the trade from Germany, etc., has increased more 
rapidly than either. If we had equated the quantities in 1862, 
the German line would have far outpassed the others by 1905; 
but the impression given would be erroneous as regards absolute 
quantities, for the increase was only {71,100,000 for the one, 
while it was {277,000,000 for all foreign countries. The 
remaining diagram shows the relative rates of increase for 
Germany, Holland and Belgium, and the British possessions 
respectively, since 1870. 

The International Institute of Statistics has considered the 
possibility of standardising historical diagrams for comparison, 
and resolved at its meeting in I9g1r that the average of the 
figures for the years Ig0I-Io should be taken as the standard 
and that this average should be represented by a vertical height 
equal to the horizontal measurement that represented thirty 
years. Diagrams drawn on this standardised scale can then 
readily be compared with one another whatever quantities they 
represent. It is not intended to prevent other comparisons 
being made (as, for example, those on the diagram facing 
p. 146), nor diagrams that represent series all expressed in the 
same units ({ or tons) being drawn with the same natural unit. 
The intention is that the standard should be adopted as the 
only form where there is no reason to the contrary, and as an 
alternative form in other cases. Comparison, especially of 
international statistics, will be greatly facilitated if these rules 
are followed. 

B. Series of figures are often compared graphically with a 
view to discovering or illustrating causal relations. In such 
cases we do not study relative growth only asin cesses 
the last diagram discussed, but look throughout ‘sem 
the period for any signs of resemblance in rates of growth, dates 
of maxima and minima, or synchronism in any changes. The 
methods by which such comparisons are made are difficult, and 
need careful analysis. For instance, we may wish to consider 
whether an increase of the allowance for outdoor relief is con- 
nected with an increase of pauperism. In this case one line 
will represent money, the other the number of persons, and there 
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is no common unit; we need not calculate percentages, but 
having chosen any scale for money, we can make equality in 
any year by a simple adaptation of the scale for number. We 
shall wish to learn first, whether an increase or decrease of 
money occurred at, or just before, an increase or decrease in 
number; and secondly, whether the greater the increase of 
one the greater the increase of the other. In order to show 
direct connection, we shall try to make one line lie as nearly as 
possible over the other. 

Draw a preliminary diagram in which both lines are entered 
on any scales; this will suggest the resemblances to be tested. 
Notice in what period the fluctuations are greatest ; 
this in general should be the period to be taken, 
for it is here that the causal relations have had most play. 
If any other period is chosen for any special reasons, these 
should be made clear, for otherwise a critic may legitimately 
object that it is only in this period that the connection is 
distinct. There would be little difficulty in finding short 
periods in any two curves where the fluctuations synchronised. 
Take the averages of both money and of number over the 
period chosen, and draw a second diagram in which the scale 
for number is chosen by making this average for number equal 
to the corresponding average for money. Any correspondence 
between the two lines can be at once detected. 

There are many cases when the changes in the magnitudes 
which we regard as the causes are in the opposite direction 

Inverse (0 those in the magnitudes which we regard as the 

relations. effects. For instance, if we are comparing trade 
improvement with the number of unemployed, and make the 
construction just described, the maxima of the first line would 
synchronise with the minima of the second. Greater clearness 
can be obtained by inverting one of the diagrams, plotting out 
the number employed instead of that unemployed, and then the 
changes should be in the same sense in both lines. 

In the above construction the lines will only lie one over the 
other throughout their fluctuations, if the changes in one 

More complex Quantity are in strict proportion to the changes 
eelations. in the other, if an increase of 10 per cent. above the 
average, for instance, in the allowance for outdoor relief corre- 
sponded to one of 10 per cent. in the number of paupers. It 
is very rare that such a simple relation is found; all we can see 


Construction. 
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in general is that the maxima and minima occur at the same 
dates, that the fluctuations agree throughout in sense in both 
series, and that the greater fluctuations in the one correspond 
to the greater fluctuations in the other. 

Diagrams may often be used to suggest correlation between 
two series of figures, and this indeed is one of their chief merits, 
and they may be used to tllustvate arguments on __Uge of 
the subject, but at this point their utility ends, for ‘seam. 
they cannot be made to prove much. Causal relations are very 
difficult to establish, and the original figures must be critically 
consulted when theories are to be brought to the test. 

We have not yet exhausted the power of diagrams for 
making such comparisons, but the following method must be 
applied only with great caution. Suppose that we wore exact 
wish to ascertain whether an increase of I bushelin  ™thed. 
the quantity of wheat to be bought for a sovereign corresponded 
to an increase of 1°5 in the marriage rate per I000, or any 
such strict numerical proportion. Draw a diagram representing 
the quantities of wheat, take the average for the period chosen 
for comparison, and write the scale so as to read I, 2,3... 
bushels above or below the average. Draw no base line. Now 
enter a line to represent the excess or defect of the marriage 
rate from its average in the chosen period, on a scale such that 
I'5 in excess is represented by the same vertical distance as 
1 bushel. The closeness of the two lines would test to what 
extent the theory was valid. The danger of this method is, 
that with no base line there is no possibility of judging the 
amounts of the changes relative to the totals. The insertion 
of the necessary two base lines would confuse rather than 
aid. 

It is clear from the preceding analysis that, by the choice 
of scales and base lines, the points at any two dates may be 
made to coincide on any number of accurately drawn lines 
representing series of figures. 

The preceding paragraphs are completely illustrated by the 
adjoining diagram. 

In Figure I are given lines representing the price of wheat in 
shillings per quarter, the total of values of exports and imports 
divided by the population, and the marriage rate 
per 1000. The scales chosen are simply those 
which are easiest to use, and throw the lines into proper relief. 
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MARRIAGE RATE, TOTAL EXPORTS AND IMPORTS PER HEAD OF 
POPULATION, AND AVERAGE PRICE OF WHEAT PER QUARTER. 








. Total Exports Ave Price 
Year. Marriage Im of Wheat 
Rate. polrarg per Quarter. 

4 8. &@ s @& 
1860 17.1 13 0 8 53 3 
1861 16.3 13,0 3 55 4 
1862 16.1 13 8 Oo 55 § 
1863 16.8 5 2 7 44 9 
1864 17.2 16 8 7 40 2 
1865 17.5 167 § 41 10 
1866 17.5 1714 «§ 49 I! 
1867 16.5 16 9 6 64 § 
1868 16.1 17.0 6 °3 9 
1869 15.9 17.3 9 2 
1870 16.1 17 10 3 46 10 
1871 16.7 19 9 56 8 
1872 17.4 21 0 Oo 57 0 
1873 17.6 21 4 2 58 8 
1874 17.0 20 11 O 55 8 
1875 16.7 19 19 4 45 2 
1876 16.5 19 010 46 2 
1877 15.7 9 § 5 56 9 
1878 15.2 18 2 I 46 § 
1879 14.4 17 16 10 43 10 
I 14.9 20 3 3 44 4 
1881 15.2 i917 5§ 45 4 
1882 15.5 20 8 10 45 3 
1883 15.5 20 13 32 4. 7 
1884 15.1 19 4 1 35 8 
1885 14.5 17:16 9 32 10 
1886 14.2 17. 0 10 31 O 
1887 14.4 311 7 32 6 
1888 14.4 i 12 I 31 10 
1889 15.0 1919 9 29 9 
1890 15.5 1919 7 gi 
1891 15.6 19 14 O 37. («0 
1892 15-4 18 15 6 30 3 
1893 14.7 1714 9 26 4 
I 15.1% 17.33 9 22 10 
1895 15.0 17 19 3 23 3 
1896 15.8 8 14 2 26 3 


The points in each scale for the same years are over one another, 
but the scales differ. The base lines need not coincide. 
We can see at a glance whether there is resemblance between 
the courses of these figures. There is at any rate a general 
Mariage rata COTTespondence between the fluctuations of trade 
andtrade. and of the marriage rate since 1870, and possibly 
earlier. There are points of likeness between wheat prices 
and trade; in 1870-73 both rise together, and fall in 1873-75; 
both rise in 1876-77, fall in the following two years, and then 
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rise again; both fall from 1881 to 1886 and then rise. There 
are also many cases in which the motions do not agree, especially 
1862-64, and 1887-89. 

If we look now at the price of wheat and the marriage rate, 
which in the earlier part of the century used to be closely 
related, the one rising when the other fell, we see  searriage rate 
that there is no great resemblance either in this %4 west 
or the contrary sense. In 1860-62 and in 1862-64 wheat rose 
and fell, while the marriage rate fell and rose; wheat rose in 
1865-67, while the marriage rate was first stationary and then 
fell a little; then it continued to fall in 1868-70, though wheat 
was falling also; in 1870-80 the marriage rate shows one long, 
wheat two short, fluctuations. Since 1880, in years in which 
wheat fell, the marriage rate in general fell also and vtce versa. 

Let us consider for a moment the possible links of connec- 
tion between these phenomena. When wheat was the chief 
object of expenditure of the working class, itS connecting 
price was the chief thing for them to consider; links. 
and so when wheat rose the marriage rate fell. On the other 
hand, now that wheat is cheap and wages higher, a change in 
the price of the loaf is only of great importance to a minority ; 
it is now the general prosperity of the country, well indicated by 
the condition of foreign trade, that raises the marriage rate. 

When exports and imports are increasing in value, trade is 
stimulated, and in spite of rising prices, marriageable people are 
sanguine that the prosperity will remain and the prices fall ; but 
when the prices fall, so do the profits and incomes, and marriage- 
able people are more prudent. For these reasons we may 
expect the marriage rate and foreign trade lines to resemble 
each other. 

Now the increase of the marriage rate corresponding to an 
inflation of trade, and an inflation of trade to a time of rising 
prices in general, we shall find the price of wheat in particular, 
which is connected with the course of prices in general, rising 
when trade is inflated and falling when it is depressed, and 
therefore rising and falling with the marriage rate. But since 
the price of wheat is influenced also by special causes, it will not 
always correspond to the state of trade, and still less to the 
marriage rate, with its former tendency to opposite variations. 

There is no need then for surprise that the curves marriage 
rate and trade correspond; that wheat and trade correspond, 


158 ELEMENTS OF STATISTICS 


but less closely; and that wheat and marriage show a double 
tendency. The correspondence between marriage and trade is 
investigated on the diagram. That between wheat and trade 
should be done on an identical method. Marriage and wheat 
should be compared twice on different plans: first for direct 
correspondence, and then by redrawing the wheat curve with 
its base line at the top for inverse correspondence. 

To effect the comparison between the course of trade and 
the marriage rate, the following steps are taken. On examining 

Construction of the two curves on the first figure, it is seen that 

diagam. the resemblance does not begin before 1869; 
the parts of the curves since 1869 should therefore be brought 
into close correspondence. The average marriage rate, 1869-96, 
is 15°5, and average imports and exports per head, {19. The 
marriage curve is drawn in the ordinary way; then with the 
help of a sliding scale the trade curve is put in, so that with 
the same base line {19 falls on the 15°5 line in Figure IT. 

The result is that the curves are seen to rise and fall at the 
same dates, but not to the same extent; for, while the lines 
keep nearly parallel from 1873 to 1879, the falls from the 
maximum being equal, after 1879 the trade line fluctuates 
further above and below its average than the marriage rate does. 

It remains to test graphically whether the changes are 
proportional to one another. An equation of scales may be 

Final obtained by equating the mean deviation (£104) 
Comparison. of imports and exports from their average 1869-96, 
with the mean deviation of the marriage rate (°72) from its 
average in the same period ; or roughly taking the same vertical 
scale to represent {1 of imports and ‘7 in the marriage rate. 
This is making the hypothesis that a change of {1 in the total 
trade per head synchronises with a change of ‘7 in the marriage 
rate per thousand. The scales so chosen are marked above 
and below the common average line in Figure III. 

It is now seen that the fluctuations since 1870 lie more 
closely together in the two curves, but that this closeness has 
been obtained by the partial sacrifice of the years before 1870. 
A yet shorter period, 1879-93, would show a very close agree- 
ment; but so special a selection would vitiate any general 
argument. 

Our conclusion is, that since 1870 the causes which affect 
foreign trade have also affected the marriage rate at the same 
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dates and in the same sense, and that the more marked the 
effects on the one, the more marked are the effects on the other 
also, but that there is no law of simple proportion between them. 
Instead of making comparison of the deviations from the 
average of a period, it is legitimate and often advantageous 
to measure the deviations from a smooth curve, whether 
obtained from moving averages or by some other method. 
We are then ignoring the causes which have a gradual and 
permanent effect, and comparing the short-period fluctuations. 
We return to this subject below (Part II, end of Chap. VI). 


Note.—The relations tested in Figure II may be represented 
by the equation - = 4 and in Figure III by > = ¢ (a con- 


stant), where x and y stand for the value of trade and the 
marriage rate, and a and 6 for their average values, and c is 
chosen so as to make the average fluctuations of the two sets 
of quantities equal. By the method of least squares ¢ could 
be chosen so that the correspondence should be closer than 
with the value given by the calculation in the text. 


4. PERIODIC FIGURES. 


We now come to the consideration of periodic figures; that 
is, of figures which within a given period, in a year for instance 
when returns are monthly, reach maxima and 
minima at assigned times, and show fluctuations 
recurring with regularity in successive periods. In physical 
phenomena, such as the sunrise, the same daily numbers will 
represent the phenomena, almost without change, year after 
year. In the case of the tides we find a link between the 
more rigid annual curves of seasonal phenomena, and the less 
marked periods of social statistics ; for the tides are subject to 
separate influences with periods of 24 hours, 24 hours 50 min., 
29 days, I year, and others, and the effects of these influences 
are often masked one by the other. In the weekly figures of 
the Bank of England, Jevons discovered monthly, quarterly, 
and annual periods.* 

In social] and industrial statistics we usually find an annual 
period, combined with a general slow movement upwards or 
a ee 


* See Investigations in Currency and Finance. 


Periodic figures. 
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downwards, and confused by an irregular period of about ten 
years, due to alternate inflation and depression of trade. The 
influences of these three movements on the resulting numbers 
can be investigated, and the general methods of examining 
periodic figures fully explained by the complete discussion of one 
example, viz., the monthly returns of want of employment of 
the Friendly Society of Ironfounders. For another example the 
reader is referred to Jevons’ essay, On the Frequent Autumnal 
Pressure tn the Money Market ;* and for an exercise, to the 
monthly gazette wheat prices, where the gradual change of the 
shape of the annual diagram can be traced in relation with 
the increasing influence of harvests in all the quarters of the 
globe. 
These figures are specially suitable for showing graphically 
a double period, and the influences of rapid annual fluctuations 
General feature 2Nd general movements of longer period on each 
of the figures. other. Looking at the table on p. 161 along the 
lines for the several] years, we shall see that there is always a 
fall in the middle of the year. Looking down a vertical column 
under any month, it will be seen that there is no generally 
marked tendency towards increase or diminution, for high and 
low numbers occur in the first as well as the last few years. 
The most noticeable feature of these figures is the alternation 
of groups of years of high and of low numbers. Percentages 
above 10 will be found in 1857-58, 1861-63, 1866-70, 1876-81, 
1884-87, and 1892-93. Let us choose for examination the 
period 1866-70. The figure for January 1866 is below the 
Januaries of previous years; those of February, March, and 
April are also low; from May to September the figures are 
greater than those of 1865 or 1864; from October to December 
they are greater than those of 1863, 1864, or 1865; in December 
1867 they are greater than any previous year. Most of the 
figures for 1868 are higher than in the nine previous years; 
but from September 1868 onwards the figure is lower than the 
one twelve months earlier till September 1872. This wave 
of unemployment then lasted from May 1866 to September 
1872. 
Now let us watch the seasonal influence. In 1866 there 
was no fall in the summer except in April, and there was a very 





* See Investigations in Currency and Finance. 
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PERIODIC FIGURES, 


NuMBER OF UNEMPLOYED IRONFOUNDERS, expressed as percentages 
of estimated total number of members, month by month: calculated 
from figures given in the Annual Report of the Friendly Society of 
Ironfounders, 1894. 


aaoemnpane | an—xmior | eee | eae | eens | SOE | amet | Eee | amore eee 







1855 11.1 | 14.1] 14.0] 12.5! 10.0] 9.9| 87] 87] 6.8 
185 10.9] 12.6] 12.2} 10.0] 9.4/ 7.5] 6.9] 7.3] 6.9 
1857. | 10.1] 9.5] 87| 87] 81] 7.3] 68] 69] 6.2 
1858 | 20.2 | 20.6 | 20.9] 19.8 | 20.3 | 17.3 | 15.9 | 14.3 | 13-1 
1859 | 10.6] 88} 6.5] 5.2] 401 4.4] 3.2] 3-6] 3-4 
I 4-0 2} 2.6] 2.2] 1.6] 1.7] 2.3] 2.6] 2.6 
1861 6.0] 6.9] 6.5] 7-9] 7.8] 84] 69] 7.9] 9.5 
1862 | 14.5] 14.0| 14.0] 14.6] 14.4 | 13. 133 12.9 | 12.2 
1863 | 15.5] 13.9] 13.6] 11.6] 10.4] 9. 1} 7.8 
1864 6.0] 7.1} 6.6] 5.1] 4.4) 3.3] 2.8 

1865 | 5-4] 5-3] 5-3| 46] 3-4] 2.9] 2.6 

1866 | 4.2] 54} 5.1 3-8 §.1] 6.5] 5-9 

1867 | 12.4] 13.21 15.4 | 16.7] 14.9 | 14.6 | 14.2] 13.9 
1868 | 22.1 | 20.9[ 19.8 | 18.6} 16.7 | 15.8 | 14.9] 14.7 
1869 | 17.3] 17.1 | 16.8 | 15.6 | 15.2 | 13.6] 13.3 | 11.8 
1870 | 14.5}10.9} 8.7] 7.2] 5.0] 4 : 

1871 | 7.2] 5.6] 3.6] 2.8] 1.6] 1 1.6 

1872 | Inj LI 9 8} 1.2 9 

1873 3-3] 28) 2.7] 25) 22] 2. ra) 
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1874 | 49| 39| 3-91 3-51 49] 3 8 
1875 | 46] 34] 3-5] 2.3] 28] 2 3 
1876 | 4.9] 4.9] 4.9] 5-4] 48] 5.2] 5.7 
1877 | 7-7] 7-4| 7:0) 6.9] 84] 7.6) 7.4| 7. 
1878 | 14.0] 14.3 | 13.5 | 15.3 | 13.3 | 14.6 | 13.6] 13.2 
1879 | 23.2 | 23.8 | 24.7 | 25.5 | 22.3 | 23 21.5 22.6 
I 15.2] 12.9] 11.1] 10.0/ 10.0] 9.7] 9.8] 10.0 
1881 | 11.§[/ 10.8] 101) 10.3) 7.6) 7 6.5 
1882 | 5.5) 52] 5.3] 4.5] 3-6) 3 3-2 
1883 | 3.6) 4.8) 5.2] 4.3] 42] 3 9 
1884 | 6.1] 62] §9|] 6.5] 65] 6 3 
188 10.2/} 11.8] 10.0] 10.1] 9.8) 9.1] 9.8] 10.7 
I 14.1] 15.0] 15.2] 15.5 | 13.4 | 132] 12.0 [12.7 
1887 | 12.41 11.61 10.2] 9.1] 9.2/ 10.6] 9.2 
1888 | 7.8] 7.5] 64] 64] 59] 5.2] 5.7] 5. 
1889 | 3.5) 33) 24] 20] 17t 1.6) m7] on. 
1890 | 1.3] 1.3] 3.2] 3.9] 28] 24] 24] 2 
1891 | 3.9] 3.5] 4.21 4.2| 46] 40] 45] «¢ 
1892 | 7.0] 7.2] 7.9) 8&1) 7.91 7.91 771 7. 
1893 [13.5] 11.2] 10.11 7.71 9.6] 83] 8&3 
Average 

1874-93 | 86] &5| B82] Br] 77) 7.61 7.3 
Average 

1855-93] 94) 93] 89] 85) 7.9! 7.6] 7.2 
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rapid rise in December. In 1867 a fall from April to 
August was followed by a rapid rise for four months. There 
Seasonai iS a fall from December 1867 to September 1868, 
infuac. but a rise follows in October, November, and 
December; since the rise does not generally begin till after 
August, it will be seen that the general fall did not much delay 
the seasonal effect. In the next year, 1869, there is a fall to 
a lower minimum in August, but now the rise in December 
is very slight, next year the fall is very quick to August, but 
the seasonal rise is not delayed. From this it is clear that the 
seasons had their effect throughout the fluctuation except in 
the opening year 1866, when there was no fall, and that the 
rises in the autumn were very much accentuated. Almost 
identical remarks would apply to the period August 1875 to 
May 188r. In what month was the condition of employment 
1867-70 at its worst? The greatest figure given is 22°6 per 
cent. in December 1867, but unemployment in December is 
generally greater than in any other month, and the figures 
for any of the following six months may be more unusual ; 
the determination of the exact date will be best shown by 
diagrams. It may be mentioned that most of these remarks 
were suggested by Mr. Hey, the former secretary of the Iron- 
founders’ Society, who drew up these figures. 
If we now turn to the diagram, the following facts may be. 
noticed. The thick line showing the annual average percent- 
The story from ages shows a downward tendency till 1857, fol- 
the diagram. lowed by an abrupt rise and fall in 1858-60, then 
two years’ rise to its original height, returning to a minimum 
in 1865; the next wave covers seven years, and is marked by an 
extraordinarily sharp rise in 1867, and a very low minimum in 
1872. The exceptional condition of trade in 1872 could not 
last, but the rise is very gradual] to 1876, when the next cycle 
of trade is marked again by a six years’ wave; the rise is 
not so steep as in the former fluctuation, but lasts longer, and 
a higher point is reached: the fall is at about the same angle, 
and the minimum in 1882 is about the same as that in 1865. 
The next wave came before it appeared to be due, and lasted 
seven instead of six years, but was much more moderate, and 
again the rise was sharper than the fall. The minimum of 
1889 did not endure, and the figure ends with a suggestion 
that the maximum will be in 1894, but only at a moderate 
height, and the next minimum might be expected in 1898 
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or 1899, if causes similar to those which influenced earlier trade 
depressions were still acting. It may be found, in fact, from 
the Board of Trade returns, that, taking all the trade unions who 
made returns together, the maximum month was December 
1892, and the maximum year was 1893; after this the fall is 
regular to 1897, and a trifling rise in 1898 is followed by a very 
low figure for 1899.* 

In Figure 5 the diagram is inverted and greatly compressed, 
showing now the percentage employed. If the period 1876-82 
is cut off by two vertical lines, readers may see how great were 
the amounts of labour lost to the country and wages to the 
members of the Ironfounders’ Society in those years. These 
figures show a want of employment due to special causes in this 
Society more than twice as great as in other Unions whose 
returns are available for the same period. 

In Figure 5 the annual averages are smoothed by the method 
explained above (pp. 136-7), a seven-yearly average ¢ being 
taken to correspond to the general wave length. It will be 
seen that there is no very marked tendency up or down in the 
thirty-nine years, and that the smooth line is never far from 
the general average of employment, 91°7. 

The comparison of this diagram with that illustrating 
exports (p. 134) is very instructive. Some of the results may 
be thus exhibited :-— 


DATES OF DATES OF 

Minima Maxima of Maxima Minima of 

of Exports, Unemployment. of Exports, Unemployment, 
1862 1858 and 1862 1866 1865 
1868 1868 1872 1872 
1879 1879 1882 1882 or 1883 
1886 1886 1890 1889 
1894 1893 


The figures may also be compared graphically by the methods 
of the previous or following sections. 

The averages for the nineteen Januaries, nineteen Februaries, 
etc., in the years 1855-73, and similar averages 
for the years 1874-93, and the whole period are 
given in the table and exhibited in Figures 2, 3, 4. 





® See Annual Abstract of a rereigriens 1895, p. 73, for various 
methods of treating these figures to those here discussed. 


t For sateeicatey and steavin ing pa see Professor Poynting‘s 
paper in Statistical and studying periodic car sor Moore's in 1919 
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When we calculated the annual averages just discussed we 
eliminated by that process the seasonal] fluctuations; by this 
new series of averages we eliminate the influences of particular 
years. If we took, for instance, all the November numbers out 
of a series of figures totally uninfluenced by the seasons, if such 
could be found, and compared these with the general average 
for all months, we should in the long run find just as many 
instances above as below this average; but if the figures were 
influenced by the seasons, we should find a considerably greater 
number above than below, or vtce versa. The greater the 
seasonal influence, the greater would be this excess or defect. 
Averaging numbers in this way tends to eliminate the non- 
seasonal causes, for by hypothesis the excesses and defects due 
to them will in the long run balance one another; and except 
by averaging these cannot be eliminated, unless they can be 
actually calculated. The excess of the November average 
above the general average will be greater than that of October, 
if the seasonal causes exert more influence towards excess in the 
former than in the latter month, and the curve which shows 
these averages will show a resemblance to that which would 
be obtained if the non-seasonal causes were absent. It will 
be only a resemblance for two reasons: first, because in the 
comparatively short series of years with which we are generally 
obliged to be content, a very effective non-seasonal cause will 
leave its mark on the average, as may be seen in the table on 
p. 161; secondly, because seasonal and non-seasonal causes are 
often not independent ; a depression of trade is accentuated by 
a sharp winter; a bad season in a year of bad trade may increase 
the want of employment greatly and suddenly, while a good 
summer in a prosperous year may reduce it almost to zero. 
In the case we are considering the interaction of causes 
tends to exaggerate the seasonal maximum and diminish the 
minimum; in other cases a compensating effect might be 
found. 

In Figures 2, 3, 4 the curve for the latter half of the year 
is prefixed to that of the calendar year, because the character 
of the yearly waves is seen most clearly from minimum to 
minimum. It may be noticed that the wave in Figure 3 is 
less definite in shape and has a smaller rise and fall than that 
of the earlier period shown in Figure 2; it would appear that 
the seasons are losing their influence. 

If there is a definite annual period, that represented by 
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Figure 4, it may be expected that a figure of a shape similar 
to this— 
5 5 


will be repeated annually in Figure 1; it is shown well in 1864, 
1882, and other years. In the great majority of cases the yearly 
maximum is reached in December or January; at the annual 
the end of 1858 the maximum is absent, but is mare 
replaced by a break in the rapidity of the fall; at the end 
of 1860 there is a rise, but the spring fall following is checked 
by the general upward trend; similar remarks apply to all 
the great fluctuations. There is no doubt that right along the 
line we find at nearly equal intervals these pointed crests above 
the line of averages. 

The minima are not so conspicuous, for the pointed shape 
is absent, trifling causes bring them near the smoothed line, and 
they are easily masked by a general fall or are absent because 
ofageneralrise. In 1861, however, there is a distinct minimum 
in spite of the strong upward tendency; the minima are very 
conspicuous throughout the fluctuation of 1865-70; and from 
1859 to 1888 the minima are fairly marked, except in 1876, 
1880, and 188r. 

The following figures show the effect of a stationary, rising, 
and falling average annual rate on the shape of the seasonal 


wave .—— 
@. Seasonal wave on stationary line of averages. 


5 5 

et ee) See ee eee ae 

OF ee ° 

Jan. Dec. | Jan. Dec. 

6. Seasonal wave superimposed on rising line of averages. 
15 ; 15 
IO : — p 2) 

5 = 5 

o-oo ° 
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c Seasonal wave superimposed on falling line of averages. 


5 1§ 
10 ae : : 10 
~ ie 
5 ie a s 
oO - | — == ~. 0 
Jan. Dec. | Jan. Dec. 


These figures are drawn by adding or subtracting the average 
monthly differences from the general average 
(viz Jan. Feb. Mar. Apr. May. June. July. Aug. Sept. Oct. Nov. Dec. 

" rer +3°O +°6 4+°2 —"4 = "7 —I'I —'9 -—'7 —4 OO +1°6 
month by month to or from the positions shown on the straight 
lines joining the annual averages. On a rising line the spring 
fall tends to become horizontal and the autumn rise steeper ; 
on a falling line the spring fall becomes more rapid and the 
autumn rise is checked. 

If this seasonal wave, added to the slower long-period 
changes, were the complete explanation of these numbers, 
Figure 1 (p. 162) would be entirely composed of modifications 
of Figures a, b, and c. Figure @ is exemplified especially in 
1855-57, 1864-65, 1871-73; Figure } in 1860-61, 1866-67, 
1877-78, 1883-85; Figure c in 1859, 1863, 1880-82, 1886-89. 

As explained above, the two sets of causes are not indepen- 
dent, and these figures are not reproduced exactly; but the 

Elimination o@ YTesemblance is sufficiently close to make the 

Guctuations. following method of eliminating seasonal fluctua- 
tions partially applicable. Combine the monthly excesses and 
defects just given with the original numbers, by subtracting the 
excesses and adding the defects; this process should tend to 
produce a straight line thus :— 


. 


§ ——— from figure 3 
snevese «. corrected figures. 





0 ° 
But the result is not more than a tendency, because of the 
unusual fall in January 1883, and it is difficult to find a perfect 
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example. This method is applied in Figures 6, 7, and 8 in an 
attempt to disentangle the seasonal fluctuations from the effects 
of the commercial crisis of 1872, the depression of 1879, and the 
turn of the tide in 1889. In Figure 6it isseen that January 1872 
was the best month relatively, though the absolute minimum 
was not reached till June of that year; from this it appears that 
January 1872 was the turning point of the great inflation, a date 
somewhat earlier than that generally given. The date of the 
maximum of 1879 is left unchanged by this process, and that of 
the 1889 minimum is only shifted one month. 

We have still to discuss the criteria of the existence of a 
period. In Figure 1 the optical evidence is sufficient to suggest 
the annual period, but it may be doubted whether criteria of exist- 
an annual fluctuation would be suggested by a period 
diagram representing wheat prices. It is clear that if the 
monthly entries of any returns whatever were averaged in 
months over any period of years, that the averages for January, 
February, etc., would not be exactly equal, even if there were 
no seasonal influence. The following diagrams show various 
averages :— 


Unemployed ironfounders Wheat prices, shillings 
as before. per quarter, 1862-76. 
| 
moO - eg apes 39 50 se em ogg 
4 
5 ST ee 5 25 #5 
° 2 ° 800 ° 
July Dec. June Jan. Dec. 
Wheat prices, shillings per Average date of first Sanday 
quarter, 1877-91. in month, 1881-1900. 
40 = 40 
4 4 
oe = 3 a3 
2 3 
t | 
° ; ° ° ° 
Jan. Dee, Jan. Dee. 
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Of these the first three may be expected to be seasonal, while 
the last, which shows the averages of the dates on which fell the 
first Sunday in 20 Januaries, 20 Februaries, etc., in a series of 
years, certainly is not. 

The following simple tests may be applied to decide this 
point. Ifthe period is in any way connected with the seasons, 
it will correspond to some extent to the ordinary weather charts 
of temperature, etc., which have a single annual maximum and 
corresponding minimum. Phenomena affected by the weather 
may also be expected to show a single maximum, nearly coin- 
ciding with the maximum or minimum temperature; thus the 
maximum unemployed coincides with the minimum length of 
daylight and precedes the minimum temperature. In some 
cases a second subsidiary maximum may be shown, since, for 
example, an excessive death rate may be due to excessive cold 
or heat ; but evenin this example further analysis would prob- 
ably show that the one maximum was for the old, the other 
for the young. Wheat prices may also show two minima due 
to the harvests in the two hemispheres. The ‘‘ Sunday ”’ curve 
just given shows four maxima, and is not seasona]. More than 
one maximum is evidence against periodicity till a reason is 
found for their existence. 

The second test is to look at the serial diagram and notice 
how often the maximum occurs in the same month ; non-periodic 

Probability Causes will hide the maximum occasionally, but in 
test. the long run one month will be predominant. In 
Figure i the maximum occurs in March and April twice each, 
in February three times, in January eleven times, andin Decem- 
ber twenty-one times. The maximum is then generally in 
midwinter. The minimum is not in this case so well defined. 

The following table shows how this analysis can be ex- 

tended :— 


Times 
out o ° 
The percentage of December is greater than that — 
of the preceding November -_ - 33 
The percentage of December is greater than that 
of the follo anuary 28 
The percentage o mber is greater than that 
of the prec July - 33 
The percentage December i is greater than that 
of the following July - - jo 


The chances against so great a preponderance, if the seasons 
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had no influence, are respectively about 65,000 to 1, 160 to f, 
65,000 to 1, and 1200 to z.* All the months may be separately 
tested in the same way. This method by no means exhausts 
the evidence, for we have only considered which of two months 
is the greater, and not how great is the excess when it exists. 
On this point the reader is referred to the paper by Professor 
Edgeworth, On Methods of Statistics, in the Jubilee Volume 
of the Royal Statistical Society, p. 206; this should, however, 
be postponed till the mathematical treatment which follows in 
Part II has been studied. | 


5. LOGARITHMIC CURVES. 


A serious flaw in the graphic method as used in the previous 
sections is that, when we are dealing with a series of increasing 
figures, though the totals year by year may be 004 toc graphic 
increasing, we are compelled to represent equa]  represeatatica 
increments on these totals by equal vertical dis- =< 
tances; thus an increment of {20 on a total of £20 is repre- 
sented by the same vertical distance as an increment of £20 on 
a total of £2000. Thus in the annexed figure representing 
exports, the fall from {52,000,000 to £42,000,000 in 1815-16 is 
barely noticeable, though it is a fall of 20 per cent., and was 
connected with very great distress in the manufacturing dis- 
tricts; while the fall from £305,000,000 in 1883 to £269,000,000 
in 1886 attracts attention immediately, though it is one of 
12 per cent. only. Again the increase of 34 per cent. which 
took place between 1848 and 1850 appears insignificant in com- 
parison with that of 29 per cent. from 1870 to 1872. When we 
are attacking questions of causation it very frequently happens 
that we are more concerned to know the proportionate increase 
than the actualincrease. When we are considering the gradual 
growth of our foreign trade, or when we are comparing the 
growth of trade of two countries, a diagram like that annexed 
is likely to give quite a wrong impression of the strugple that 
marked the early stages. We need then a diagram not of 
quantities, but of ratios, where equal vertical distances represent 
no longer equal absolute increments, but equal proportional 
increments, that is, equal rates of increase. By the use of 
logarithms a universal scale can be constructed which serves 


* See Part II, Sect. 1, infra. 
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this purpose. The non-mathematical student can easily 
accustom himself to the use of diagrams so constructed, by 
studying one where the actual amounts represented are entered, 
and noticing that whatever part of the scale he takes, doubling, 
halving, increasing by 20 per cent. and so on, are always repre- 
sented by the same vertical distances respectively. The con- 
Construction o¢ Struction of a diagram on this scale is as follows :— 
alogarithmic Write down the numbers in the series to be repre- 
Gagram. sented ; against them write down their logarithms ; 
on paper divided into equal squares mark at equal intervals on a 
vertical line numbers ascending in regular progression so as to 
include all the logarithms found; mark off the dates on a 
horizontal line; and on the scale thus prepared mark in 
the logarithms, instead of the original numbers. The table on 
p. 173 and the diagram facing p. 171 show the figures of imports 
and exports thus treated. On the right hand of figure 2 the 
position of the absolute numbers is given; on the left the corre- 
sponding logarithms. A given vertical distance, 1 inch, 
represents the distance .301 on the logarithmic scale; if we add 
this quantity to the logarithm of any number, we obtain the 
logarithm of twice that number for log @-+ -301 = log a 
+ log 2 = log 2a; for instance, if we increase the height of 
the position which represents £30 by I inch, we arrive at the 
position which represents 60. Again if we now add 1°59 of an 
inch, which represents -477 on the logarithmic scale, that is 
log 3, to the logarithm of 2a, we obtain log 6a, and we have— 
log 6a = °477 + log 2a = ‘477 + °301 + log a, as above 
= ‘778 + log a = log 6 + log a; 

that is, we arrive at the same position on this scale whether we 
go by means of two separate ratios or by a single compounded 
ratio. Thus a diagram drawn on this principle satisfies the 
necessary conditions that equal vertical distances represent the 
same ratio in whatever part of the scale they are taken, and 
that any number of points can be entered without leading to 
inconsistencies. At the end of this section is given a table of 
the logarithms of 1 to 1000, correct to the third decimal place, 

which will be found sufficient for this purpose. 
Thus on the diagram given we can find at once that imports 
were doubled in value between 1811 and 1836, again between 
Examples ct 1839 and 1853, again between 1855 and 1866, 
‘»ue, and that their value increased 40 per cent. be- 


Ficurg I. 






Millions Millions 
$00 600 
40 act 
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tween 1886 and 1899. Or we may notice that the excess of the 
value of imports over that of exports was 40 per cent. of the 
latter both in 1850 and in 1880; that the value of imports in 
1899 was thrice that of exports in 1860. 

If the eye has been carefully educated to understand a 
diagram of this sort, if the fact that it is a diagram of rattos, 
not of quantities, is firmly impressed on the mind, then the 
diagram answers perfectly the object of the graphic method, 
that is, it gives a true instantaneous impression of a complex 
series of facts. If, on the other hand, it is found that a true 
impression is not received, through inability to take the right 
mental position, then diagrams on the natural scale should be 
employed only, always with the recollection that they may give 
false impressions of ratio.* 

It is to be noticed that no base line should be given in 
diagrams of this class, otherwise a false impression is at once 
obtained. Notice further that, while equal verti-  vetocity and 
cal differences represent equal ratios from any ‘seston 
part of the diagram to any other, instead of equal increments as 
on the natural scale, equal degrees of slope represent equal ratios 
of increase (equal accelerations), instead of equal additions in 
equal times as on the natura] scale (equal velocities). On the 
logarithmic scale a line rising with convexity to the horizontal 
shows that the ratio of increase is growing, as in imports from 
1830-53 (if the line is smoothed), while concavity, as from 1854 
to 1873, shows a slackening; but on the natural scale the line is 
convex almost throughout the two periods, showing that the 
actual increments were increasing all the time. 

It would be useful, if space permitted, to offer several 
diagrams on both scales; for in many series of figures the 
differences exhibited by the two methods are very ysis appti- 
instructive. One case may be signalised where the ation to index- 
logarithmic scale is specially important, that is, eT 
when the original numbers represent ratios, not actual numbers. 
Thus in Mr. Sauerbeck’s well-known diagram, drawn on the 
natural scale, representing his index-numbers of prices, all the 
numbers included are percentages of their values in certain 
defined years. Suppose that roo, 80, and 60 are the index- 





* Professor Marshall suggests a simple method of correcting this false 
pen in his paper On the Graphic Method of Statistics, in the jubilee 
volume of the Journal of the Royal Statistical Society, p. 257 seq. 
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numbers for three years, then on the natural scale the decre- 
ments are represented by equal distances and appear to be equal. 
The changes in the value of gold, however, are by no means 
equal in the two periods. In the first, the fall from roo to 80 
is one of 20 per cent.; 16s. at the second date would buy goods 
which cost {1 at the first. In the second, the fall from 80 to 60 
is one of 25 per cent.; 15s. at the last date would buy goods 
which cost {1x at the middle date. For the purposes of price 
index-numbers it is ratios which are important and which the 
diagram should represent. 

The logarithmic scale has special uses in the comparison of 
series of figures, and the methods discussed in the section 

Comparisons on acvoted to that subject can be readily adapted. 
the logarithmic The difficulty of the choice of units in comparing 
“ale. _ quantities of different natures disappears when we 
deal only with ratios; we need no longer trouble about the 
method of percentages. In investigating causal relations we 
are more likely to find close connection in ratios than in 
quantities; for if one set of phenomena is connected with 
another, it is more likely that the relation will be a propor- 
tional one (¢.g., that an increase of Io per cent. in some measur- 
able characteristic of the one corresponds to an increase of 8 per 
cent. in a characteristic of the other), than an absolute quanti- 
tative one (¢.g., that an increase of 2s. in a price, at whatever 
point it stands, corresponds to a decrease of r00 in the number 
of purchasers). Resemblance between two curves on the loga- 
rithmic scale will mean the correspondence in proportional 
change, while resemblance on the natural scale means corre- 
spondence in absolute change. 

There is less trouble in this new method in equating averages 
than before. For if the logarithms of two series are taken, it is 
quite immateria] at what height on a logarithmic scale the two 
are plotted out ; alteration of height only means multiplication 
of all the items by a constant quantity, and does not alter the 
appearance or proportion of their fluctuations. The method to 
be employed is as follows :—Draw the curves representing two 
series of figures on a logarithmic scale; then shift the lower 
curve vertically upwards to and over the other, till the closest 
possible correspondence is obtained; draw it in in this position, 
and the two series can be accurately compared. 

This method is illustrated by comparing the trade-union 
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Im- E . mie 
Year yonmh Logarithms. sorte | Logarithms.|| Year porte Logarithms.| ports. } | Logarithms. 
n 
1.447 34 2.531 1854 | 152 2.064 
1.491 ue a 7855 144 2.068 
1.462 : ove 185 173 2.143 
1.415 ae ‘ii 1857 179 2.164 
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¢ i ph ae values till 1853; real values from 1854. 
t Including re-exports. 
Value of ships included from 1899. 
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percentage of unemployed with the marriage rate. In Fig. f, 
the numbers are shown on natural scales ; in Fig. 2 the averages 
over twenty-nine years are equated and the numbers are 
shown on a logarithmic scale. We might proceed as on 
Equation of. DP. 158, but to use an alternative method, the 
fluctuations. maxima and minima in various periods are written 
down as in the table on p. 175, and the averages of the fluc- 
tuations from maximum to minimum (expressed as percentages 
of the maximum) are calculated. It is found that a fluctua- 
tion of 8-4 per cent. in the number employed, in those trade 
unions whose returns are accessible,* corresponds to one of 
9°7 per cent. on the marriage rate. To investigate a possibly 
closer correspondence, assume that a portion of the number 
employed do not influence the marriage rate, and find what 
part must be subtracted before this 8-4 per cent. of the total 
forms as much as 9:7 per cent. of the remainder ; the average 
percentage of members of the trade unions at work in the 
selected period was 951; 8-4 per cent. of this is 7:99, which 
forms 9°7 per cent. of 82:4. Thus 12-7, the difference between 
g5°I and 82:4, may be considered as not influencing the ques- 
tion, and subtracted throughout before iogarithms are taken. 
This process would be replaced on the natural scale by equating 
the averages of two series, and drawing one base line so far 
below the other that average fluctuations would be represented 
by the same vertical distance for both series; which process is 
exactly equivalent to that adopted on p. 158. Expressed 
algebraically, we are now investigating the equation— 


log (vy — c) — log # = hk, a constant, 


where c and & are constants to be so selected as to give 
the closest fit, and y and x are the quantities to be 
compared. 

In the adjacent diagrams, Fig. x gives the figures in the 
natural scale; Fig. 2 gives them on the logarithmic scale, after 
they have been arranged so as to make average percentage 
fluctuations equal; while in Fig. 3 the shorter period, 1880-96, 
is treated in a method precisely similar to that of Fig. 2. The 
actual numbers and logarithms are given on the next page. 





* The figures in columns 2 and 4 in the second table on the next pase 
are taken from Mr. G. H. Wood's paper on Some Statistics of Working Class 
Progress since 1860, Statistical Journal, 1900, where a valuable logarithmic 
diagram will be found, illustra many of the points of this section. 
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MarrtaGe RATf® PER 1,000. PercentTace Emprtoyvep. 


. es Differ- of 
Years. Maxima.| Minima. | chon. ii 


1868 re g1.§ 
1872 98.9 oe 
1879 ee 87.5 
1882 98.1 ea 
| 1886 es go. 5 
: 1889-90! 97.9 i 
1893 00 92.5 


7-4 | 7-§ 
11.4 | 11.5 
10.6 

7.6 | 7.8 

7.4 | 7.6 

5-4 | 55 


8.4 





cent. of 82.4. 
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A critical account of logarithmic curves, strongly advocating 
their use, is given by Professor Irving Fisher, in the Quarterly 


Publications of the American Statistical Association, June 1917. 
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CHAPTER VIII. 
ACCURACY. 


INTRODUCTORY. 


THERE is not in existence a perfectly accurate measure- 
ment, physical or economical, just as there is no perfectly 
The natureog StYaight line or perfect fluid. We can best illus- 
measurement. trate the nature of economic measurements by 
considering that of physical. It is easy to weigh substances 
accurately to I gram: then by obtaining a good balance, we 
can, as our apparatus is improved, weigh accurately to a 
centigram, milligram, and one-tenth of a milligram; but for 
accuracy beyond this the balance fails us. Similarly in measur- 
ing angles, the naked eye can distinguish an object which 
subtends one-thirtieth of a degree; with a sextant a measure- 
ment can be taken correctly to fifteen seconds of arc; the 
Greenwich astronomers can make observations correct to one- 
hundredth part of a second, but we again come to a point 
beyond which precision is unattainable. 

In such cases the result is stated as correct to a milligram, 
or whatever it may be; in the same way we speak of an esti- 
mated sum of money correct to a pound. 

A task which has considerable resemblance to some statis- 
tical estimates, is the measurement of the parallax of the sun, 

Physical ang Which determines its distance from the earth. 
statistical During the eighteenth century astronomers esti- 
measuremen’- mated it as 10’, equivalent to 96,000,000 miles. 
As methods of observation and instruments were improved, 
observers began to agree that the whole number of seconds was 
8, but gave various estimates for the first decimal figure. Since 
1865 there have been very few estimates which have not given 
8 as the nearest figure for this place (8-8"), while more recent 
observations agree in making the parallax from 8-76" to 8-78", 
We may, therefore, consider that the distance is now accurately 
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known to within rin 400. Notice in this connection, first, that 
the earlier observations have been subject to corrections; 
secondly, that better agreement has been attained as time has 
gone on; thirdly, that neither absolute agreement nor ab- 
solute accuracy have yet been obtained. So it is with statistical 
measurements; we might instance the gradual settlement of 
the curve representing expectation of life, the measurement of 
the fall in prices, and the development of wage statistics. 
Again in physical measurements, though we can sometimes 
reach a very high degree of accuracy, as, for instance, in the 
weight of a cubic foot of water which could doubt- negrees of pos- 
less be known correctly to one part in a million, in «secures. 
other cases we are glad if we can measure to one part in ten, as 
for instance, in the distance of the nearest fixed star from us, 
which is, roughly, from 34 to 37 billion miles. So in statistics 
it is something if we know that the total capital of the United 
Kingdom was between 7} and ro thousand million pounds in 
1885, or if we know that the average weekly wage of working- 
men in full work was from 21s. to 27s. in 1886. The weak point 
in such statements is that often when we have made an esti- 
mate, which we know to be inexact, we are not able to give any 
estimate of the limits of the error. We are not so definite as 
The Modern Traveller who 


“. . . knew the weather to a T, 
The longitude to a degree, 
The latitude exactly.” 
We are not able to say “‘ our estimate is 24s. 5d.; this is prob- 
ably correct within 3d., and it is not possible that we are as 
much as 6a. wrong ’’; whereas in physical measurements we 
can often give the result as correct to the smallest graduation 
of the instrument employed. 

On the other hand, though we cannot obtain exactness, we 
can in many cases estimate to that degree of accuracy which is 
required for practical purpose. In common use 
only a certain conventional accuracy is needed. 

Thus, to take some miscellaneous instances, the area of an estate 
is given in acres, roods, and poles, but not correct to square 
yards; the market prices of shares do not change less than 
ys; we keep the day, not the hour, of our birth; railway 
time-tables do not show seconds; ocean steamers are timed to 


start at certain hours, not minutes ; height is measured correct 
N 2* 
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to one-tenth of an inch; a hundred yards race is timed to one- 
tenth of asecond. Similarly in statistical estimates, we seldom 
need that our results shall be accurate within one per thousand, 
or even I per cent. One per thousand of the working week is 
less than three minutes; 1 per cent. of the week’s wage is only 
6d. We do not care to know the population of London within 
100, the expenditure of the Exchequer within {1000, or the 
expectation of life within a day. It is often possible to attain 
practical accuracy within such limits. 

DEFINITION OF ERROR.—For purposes of measurement we 
may take the following definition :—The relative error in an 
estimate ts the ratio of the difference between the estimate and the 
true value, to the estimate ; the error is to be reckoned positive 
when the true value exceeds the estimate. 

Thus if the average weekly wage of agricultural labourers 
was in reality 14s., and we estimated it as 13s., our error would 


be a = = or 7°7 per cent.; if we had estimated it as 
15s., the error would be 4 =— i or — 6-6 per cent. 


In algebraic notation, if « be the measurement of a quantity whose 


: wi— 4. ; : : 
true value is «!, then ao 3 the error in the estimate, which we 


shall call ¢; so that e= “— “and u! =u (r-+e).* ¢ thus defined 
is the relative error, while ue is the absolute error. 


In the nature of things, when we are dealing with errors, 
we do not know their magnitude; the most we can know 
Statementof iS their probable and possible extent. We 
errors. might estimate, for instance, the percentage of 
unemployed in a certain year as 4°5, and add, from informa- 
tion in our possession (coming from a study of wage-bills 
or the reports of relief agencies), that we considered this to 
be within -5 of the fact; we should then write the number 
4°5 + °5, meaning that the error in the estimate as defined above 


was unlikely to be more than a = 5 or II per cent., the corre- 
sponding absolute error being -5. In such a case we can also 


* It is sometimes more convenient to write « a 4! (1 reckoning the 
error relatively to the true value. Then e = —e¢ + ” Brand hasse ig and 
when ¢ is less than 10 per cent. we may take « = — ¢, 
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give definite limits. The percentage unemployed must lie 
between 0 and 100; and if we could actually enumerate I per 
cent. of the working-class as out of work, and also g2 per 
cent. as in work, we should know that the number required 
was between 1-0 and 8:0 per cent., and the maximum error in 


our estimate, 4:5, was re = Z, or 78 per cent. Even this is 


more precise than the original statement, “ the percentage is 
4°5, error unknown.” By further investigation we might 
perhaps bring the limits of error nearer to each other, and 
decide that it was practically certain that the percentage 
required was between 3°5 and 4:5; then we ought to say “‘ the 
number unemployed is -04... of the working-class, the 
estimate being correct to the last figure given.” This statement 
is of the same nature as, ‘‘ The body weighs 15 lbs. 3 oz., correct 
to an ounce.” 

While, on the one hand, it is clear that we cannot often 
obtain close definite limits to our errors, on the other we can 
very often see that some of the digits in a total are almost 
certainly right and others almost certainly wrong. Thus when 
we see in the Registrar-General’s Report that the population of 
the United Kingdom in 1895 was 39,124,496, the estimate being 
made from the census of 1891, and the increase calculated on 
the basis of the increase since 1881, we may be certain that 
the last two, or the last three, digits are no better than guess- 
work; while the first two, or the first three, are correct. Thus 
the statement should read: Population was 39-1 millions, or 
39,124,000 + 5000, or whatever figures our examination of the 
varying rate of progress of the population led us to adopt, and 
such a statement is actually more correct than the previous 
one. 
It is the custom in many classes of estimates to give the 
figures to the uttermost farthing. This is possibly right in 
official publications; for the duty of the office —megtect 
is to receive and tabulate returns, stating how  mésuti#. 
and whence they came, and it may leave to the economist or 
the statistician the task of deciding the degree of accuracy 
pertaining to them. But in summary descriptions and 
accounts, and in scientific estimates, it is not merely unneces- 
sary to give these last figures (both because they are not 
accurately known, and because they generally have no impor- 
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tance to the argument or significance to the reader), but it is 
positively inaccurate. The easiest way to avoid the inaccuracy 
is simply to state totals in so many thousands (¢.g., the earth 
is 8000 miles in diameter), or if for any reason more exact 
measure be required (as when we are comparing the equatorial 
diameter with the smaller one through the poles), the scientific 
way is to give the number as far as it has been fairly calculated, 
and to indicate its precision. 


RULES FOR COMPUTING THE EFFECT OF RELATIVE ERRORS. 


We may now give some rules connecting the errors of a 
complex estimate with those of the elements which form it. 

I. The error in an estimated sum is equal to the sum of the 
errors in the parts when each ts multiplied by the ratio of the 
corresponding part to the sum. 


For if we estimate % quantities as #,, #4, .. . #,, and their sum 
as #, so that w=u,-+«4,... ,, and the errors of the 
quantities are ¢,, ¢, ... ¢,, and that of the sum is ¢: 
then the true value of the sum is # (1-+-e), and the true values of the 
parts are #; (I--¢;), %: (I+é3) . . . , so that— 
% (I--e)=% (I+¢,)-+4, (I+e,) + +, 
but =; +t; + +; 
hence, by subtraction, we=, ¢, +5 Cs + +, 


tf 4 
and e=e,x—- +e,x— + 4. 


Error in sur. 


The formula is easily adapted to the case where some of the 
parts are subtractive. 

To take an arithmetical example, if average working-class 
expenditure on food, clothes and rent was estimated in 1914 as 
25s., 5s. 6d., and 6s. 6d. respectively, while the true averages 


were 27s., 4s. 6d., and 6s., so that the errors are + nie 
and — a then the error in the sum of the three is— 
+ 5 of 29 = of 55 — = of 2 2 = + 054 — ‘027 — °0135 


_" II 37.3 

= i "0135 or + 14 per cent. 
We can apply the rule to the important case where we 
can estimate a great part of a required total with considerable 
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accuracy, while we are ignorant of a smaller part. Thus we 
may receive returns from several unions that 33,650 are out 
of work, and have reason to know that the error is not more 
than 1 per cent., while some smaller unions do not send any 
returns; we make an estimate for the smaller unions, say that 
1000 of their members are unemployed, and suppose a very 
large error, say § or 67 per cent. Then the error in the total is 
less than— 


33650 
a oF 34650 +; f26 ies 


an error very as nearer that of the larger returns than that 
of the smaller. In the preceding sentence we say “less than,” 
because we assume that we have taken an outside limit for the 
smaller errors. 


= 029 or less than 3 per cent., 


II. The error tn the arithmetic average of several estimates 1s 
the sum of the errors of these estimates, when each is multiplied by 
the ratio of the correspondsng estimate to that of the sum of the 
estimates. 


For if m,, m3, ... m, are ” estimates of quantities whose true 
values are m, (I-+¢,), m,(I-+e,), ... ,theestimated and = Error in 
true averages are respectively— erence: 


mytmat . os Me 2g Mr (Tes) tots (Tes) +... tm, (1+6,) 
n n 
and the error in the average is— 
m,; (I+¢,)-+m, (I-+e.)+ + myst myt + 
— n n _ Cm begs + 
m,+m,+ + mi+ms+ + 
” 


=X o- mL taXet+.. 


where S denotes the sum ~ all the m’s. 


It is easily seen that no individual error can have much 
influence on the result, that the error in the average would be 
nearly of the same magnitude as one of the individual errors, if 
these were not very unequal and all positive or all negative, and 
that if, as is generally the case, some are positive and some 
negative (a point we shall consider presently), the error would 
be considerably lessened. 
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III. The error in a weighted average ts the sum of (1) an error 
due to errors in the quantities, simtlar to the error of an un- 
weighted average, and (2) an error due to errors tn the weights, 
which becomes very small when the original quantities are nearly 
equal. 


Let W,, W; . . . Wa be estimated weights applied to estimated 
Erorin quantities M,, Mz... Mn, and let the true values of 
weighted the weights be W, (r+¢), W; (1-++e;) eee and of the 
average: = quantities be M, (t+¢:), M, (I+¢,),... 
Write Me= oe , so that Mw is the estimated weighted average, 
and let Mw (1+E) be its true value. 
SW (1-+«) M (1-+¢e) SWM 
Then My. E=—— SW (id) SW 


=(SW.S(WiM: (1+e) (r-+e)} -—SWM.S{Ws: (1-+-4)}]—SW.SW (1+), 
where the suffix ¢ denotes any selected quantity, etc. 
Then— 


E.SWM.SW (1+) =SW.SWiMeer +-SW.SWiM: (e:-+-€re:) —SWM.SWee, 


Now suppose E, é, « to be as small as -x, and neglect pro- 
ducts which are as small as -OI. 


E.SWM.SW=SW.SWMee+S{W; (Mr. SW—SWM) a} 
. pa SWiMes , S{W: (Ms. SW—SWM) et} 
7 = SWM SWM.SW 


The term involving eé, the error in a quantity, is the same as 
that in Rule II., if W,M, is written for my, etc. 

The coefficient of « needs further analysis. 

Since SWM=Me.SW, MSW—SWM=SW. (Mi—Mwe)=1,SW, 
where m'; is the excess of a quantity over the weighted average. 


7 eens WM: Wam', 
oe E=Soypay . et Sowa. 


Hence the resulting error due to the errors in quantities involves 
the magnitudes M,, M,, etc., while that due to the errors in weighés 
involves only the deviations of these quantities from their weighted 
average. These deviations are individually small if the dispersion 
of the quantities about their mean is small relatively to that mean. 
Further, the sum of the coefficients Won':=SWM:;—MsSW=0;: 
if the errors in weights are all equal the resulting error in the 
average is zero, as is evident @ priori, and if positive errors are not 
generally found with positive deviations (m4) and negative with 








ACCURACY 185 


negative, and if large errors are not generally found with large 
weights (and vice versa), the sum of the terms Wane tends to 
be small. 

Hence the errors in weights have an effect which not only 
diminishes from the same causes as affect the errors in quantities, 
but also have coefficients which have a strong tendency to neutralise 
one another, unless the magnitudes of the errors, quantities and 
weights are associated with each other in special ways. Great 
errors are required in the weights, if many quantities are involved, 
to make an appreciable error in the average. In fact, the errors 
im quantities have so much more influence than those in weights, when 
once the weights have been reasonably estimated, 1f the quantities are 
not very unequal, that errors in the weighis can very frequently be 
neglected, Several numerical examples of this principle were given 
in the section on weighted averages. 


IV. The error in a product is approximately the sum of the 
errors in tts factors, due regard being paid to sign. 


For if f;, fs, . . - f, are the estimated factors, whose true values 
are f, (I+¢:), fs (I+¢s), . . . , then the error of the product ee 
Si (r+¢;) Ss (I+¢,) . ew oe —fi.fs. se product, 


1 Ss os 0« # @ 
=(1-+¢,).(1+¢:) .. . —I=¢:+és+ +¢,, if we neglect products of 
two or more e's. 


The e’s are equally likely, a priori, to be positive or negative. 
If two e’s are of different signs, they tend to neutralise one 
another. The error in a product may be great if all the errors 
of the factors are of the same sign, even if they are small 
individually. 

For example, if we estimate that 100 men are earning on the 
average 25s. each, while in reality there are 105 men earning 
26s., the error in the estimated total sum earned is, by formula, 

3 rs 
a6 + 25 ~ 09. 

If, with the same estimates, the real quantities had been 

105 and 24s., the error in the product would have been 
I 


3 — 1 = or. 
100. 25 


V. The error in @ ratio is approximately the difference 
between the errors in tts two terms, due regard being had to sign. 
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For if «;, #, be the estimated terms, whose true values are 
Error ia ratic, %1 (I-+¢1) and #, (I-+¢,), then the error in the ratio is— 
My (te) _ 
My (I+e,) Us _ Ite: re 1s 
by I+é, I+¢, 


Us 
ws (¢,—0,) (I—¢,+6,7—¢,?-+ —) 
= ¢,—¢,, if we neglect terms of the 
second order in the e’s. 
If the errors in the terms are both positive or both negative, 
they tend to neutralise one another ; if they are also nearly equal, 
the error in the ratio becomes very small. 


We can apply Rule V. to the error in comparison of two 
averages of similar quantities estimated at different dates. 

With the same notation as under Rules II. and III., using 
m, é, e, for the quantities at one date, and m}, ¢1, -, for similar 
quantities at another date, then the error in the ratio of the simple 
average of m,', m,} ... to the simple average of m,, m,.. . is— 


S{e(Gi)}-S(¢g)) 


1 1 
= (e,* eis ga) + (en! Si Cages) f: 

Now if the quantities have not changed much during the petiod 

between two observations, the fraction on will differ little from e 
m 
and so on. 

Neglecting these differences in comparison with the quantities 
themselves, a legitimate process when we are estimating the 
approximate influence of errors, we have— 

Error in the ratio of the simple averages = s{ 7 ('—e)} 


If the two estimates have been made under nearly similar circum- 
stances, leading to similar chances of errors, ¢,! and ¢, are likely to be 
not only of the same sign, but nearly equal. 

Write d,, d, .. . for (e,;'—e,), (e,'—e,) .. . , and we have— 


Error = S. {4 (gt)}. where the d@’s may be small. 


The corresponding analysis for the error in the ratio of two 
weighted averages is too complicated to be given here; * but 


* It will be found in the Statistical Journal, 1911, pp. 8 : 
modified form in Part II, Appendix, Note 7 O18, PP: 05 seq, ane ins 
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using the principle that errors in weight are less important than 
errors in quantity, which applies with slight modifications, we 
may use the formula just given for the first approximation to 
the error in the ratio of two weighted averages. This formula 
may be put in words :— 


VI. The error in the ratio of two averages of similar series 
of quantities, estimated at different dates, is approximately equal 
to the sum of the differences between the errors in the corre- 
sponding terms of the two series, each multiplied by the ratio of 
the latter of these corresponding terms to the sum of all the terms 
at the latter date. 


This rule is so important that it will be worth while to 
illustrate it by an example, in which a further Errorin 


quantity will be introduced. “ 


averages. 

If in each of two years we are able to estimate, as in our example 
under Rule I., one part of a total more accurately than another part, 
we can use the following formulz :— 


First Year. Second Year. 
Estimated numbers or weights w; error «; w); error 
Estimated average income, or 
quantity - - - m,; error é,; m,); error ¢é,' 
Estimated number, less accu- 
rately known- - = - mw; erroriny,p; r'w'; error in’, p} 
Estimated income - - Ms} error é;; m,'; error ¢é,' 


¢, and ¢,' are, by hypothesis, less than e, and e,'. 
Error in average for first year— 


w (14). my (T-+e)-+7 (I+p).w (I+) my (Ite) _ wmtnem, 


w (t+e)+7 (I+p) w (I+¢) wre 
Um + rim, 
pits 
=e. co Y %.— IM, 
ie toe ers I+?’ m,trm, 


if we neglect products of ¢ and p. 


Here the errors, ¢, and p, connected with the less accurately 
known part, are each multiplied by r, the ratio of the weight of 
that part to the weight of the better known part, p is multiplied 
by m,—m,, which in many cases is small, while ¢,, the remaining 
error, is by hypothesis small. 

If for simplicity of argument we assume that the ratio of the 
unknown part to the whole (but not the error in estimating it) 
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has remained unchanged, and also that the ratio of the estimated 
average incomes of the two parts has not altered, we have for the 
error in comparison— 

+ (e,'— es). Pier + (pt — —p) 


M,—My 
a: Mit+TMs, 


Thus in estimating the change in average wages of Scotch 
agricultural labourers, we have figures similar in character to 
the following :— 


(¢:'—¢,) . mt =aiins 


1867. MARRIED PLOUGHMEN. 1892. CORRESPONDING 


NUMBERS, 
Estimated number - 1,000 Averageincome, £36 1,200 {£49 0 0 
Supposed true number 1,010 y ” 35 1,220 48 0 O 
FARM-SERVANTS. 
Estimated number - 200 Average income— 240 
Money - £21 £27 5 0 
Estimated value 
of board - ¥3 14 0 O 
Total - £34 £41 5 0 
Supposed true numbey 220 Totalincome - {37 240 {47 0 0 
Here w=1,000, m,=36, r=) m= 34, wi=1,200, m,!=49, r'=}, 
m,'= 41}, =r00) 4=—39 P= a=sy C= 6'=—Zy 
p=—sy 6x5 


Here it is supposed that we have overvalued the income of 
the married ploughmen, and undervalued that of the farm- 
servants in both cases. We suppose, as is the fact, that the 
value of the board and other perquisites of the farm-servants 
cannot be estimated with precision, and that the proportionate 
numbers in the two classes are not accurately known. 

Substituting in the above formula we find that the error in 
the estimated ratio of the average incomes of the two classes 
together in the two years is— 


+ -0062, due to errors in estimates of income of ploughmen. 


+ 0081, ” a y servants. 
+ 0008, - 3 ratios of the numbers in the 
two classes, 


Thus the last error, due to weights, is very small, and the 
second error, due to ignorance of the value of board, is reduced 
by the smallness of the number employed to a magnitude 
comparable with the first. 

The whole error is, therefore, by formula + -o151. Going 
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to the actual figures, we find the estimated ratio of the second to 
the first to be 1-3376 to 1, and sa = true ratio to be 


I°3529 to 1; that is, the error is a8 == -+ -OrI. 


The difference between the two ass of calculation is 
accounted for by the neglect of the less important terms. 

It is to be noticed that the error in the ratio of two quanti- 
ties is not the same as the error which we might be inclined to 
estimate, the error in the percentage increase. Thus in the 
case just taken, the estimated and true percentage increases are 
33° ‘8 and 35:3, and the relative error in the percentage increase 
is ‘045. For accuracy in such calculations, then, we require 
the error found by formula, according to Rule VI.,to be very 
small. 


Another example is found from the well-known difficulty of 
estimating the relative importance of expenditure on clothing in a 
workman’s family budget. 

The following estimates were used in the Report on the Cost 
of Living, 1918 (Cd. 8980, pp. 7, 18 and 23). 


SKILLED WORKMEN, AVERAGE WEEKLY EXPENDITURE. 








1914. 1918. Ratio. 
Food - 2 2 298, 49s. 104. 1-84 
Clothing - - - aS. 13s. 9d. 1-96 
Together - - - 345. 63s. 74. 1°864 


Here we take w=27, r=y',, m,=1-84, m,=1-96. 

Suppose that r ought to have been taken as }, and m,, m, a 
I-90, 2°10. 

Then ¢,=y = 0326, ¢s=';= 0714, and p=}= ‘286. 

The resulting error by formula is— 


-+ 0256, due to error in the ratio of food expenditure at the two dates. 


+ 0155, ; ¥ » Clothing _,, 
+ -0030, ss »  YFatios of the expenditures on clothin, 
and food. 


And the whole relative error is 044. 

The effects of the errors are in the reverse order of thei 
magnitude, and the great error in the clothing ratio barely affect. 
the second decimal place in the result. 

If, however, m,—, had been larger, that is if the estimate 
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increase in expenditure on clothing had been much greater than 
that on food, the effect of this error would have been proportionately 
more, 





We return to the whole question of relative errors as illuminated 
by the theory of probability in Part II, Chapter IV, below. 


BrASSED AND UNBIASSED ERRORS. 


In the consideration of all errors in averaging or comparing, 
it is important to distinguish two classes of errors, those which 
are biassed and those which are unbiassed. The 
biassed orun- difference can be made clear by illustrations. Ifa 
biamed. number of men are sent to investigate the condi- 
tion of an industry in different places, with a view of proving 
that wages are high, conditions of work healthy, and so on, they 
would probably, by examining only the best conducted works, 
and taking the wages only of the more skilled and regular work- 
men, produce an average for each town which would be too 
high. On the other hand, if there was no brief to be held, but 
the investigation was impartial, the commissioners would in 
some towns take too high an average, in others too low, 
according to their idiosyncrasies and to circumstances. In the 
first case, the errors would be biassed, all in the same direction, 
all tending to increase the average, whose error would be 
equal to the average error in the different towns. In the 
second case, the errors would be unbiassed, just as likely to 
be in excess or defect, and the more estimates made, the smaller 
would the resulting error be. The following figures would 
illustrate this :— 


Average Wages in District—a 


Averages 
Errors - 
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In measuring the distance of a bicycle ride on a mile-stoned 
road, it is found that the distances between successive mile- 
stones are not exact, but perhaps 50 to 100 yards out; but 
it may be nearly as likely that the errors will be in excess or 
defect, and the greater the distance gone the smaller will be 
the error, as defined. The errors are unbiassed. If, on the 
other hand, the bicyclist trusts to his cyclometer, he will 
have to deal with a biassed error, for the instrument will not 
fit the wheel exactly, but will always register say 1800 yards 
when the machine has gone a mile. This is a case where the 
bias can be measured and allowed for, whereas the unbiassed 
errors must be left to eliminate themselves. It is frequently 
the case that biassed errors are due to a wrongly graduated 
instrument; unbiassed to separate faulty measurements. 

In the census returns, the fact that many women return 
themselves as younger than their birth certificate states, causes 
a biassed error in the average age of the population; the fact 
that people frequently return their ages at the nearest round 
number causes unbiassed error, and on the whole affects the 
average little. It is not improbable that in the Wage Census of 
1906, there was some tendency to obtain returns from the 
more liberally conducted establishments in some industries; 
this causes a biassed error in the average obtained. With these 
illustrations we can pass on to another principle |. ae 
of great importance. Unbiassed errors are of little tance of biessed 
importance compared with biassed errors in a simple *™* mbiawe 
estimate; but biassed errors diminish when the ratio 
of two similar estimates is taken. 

For in an average of several quantities, which have biassed 
errors (71, 73...) and unbiassed errors (¢;, ¢,.. .), it is easy 
to see from Rule II. that the resulting error may be written 


mM my 
S (1.4) +S(9.3). 

In the first term, the errors being unbiassed, many of them are 
positive, many of them negative, and they tend to neutralise one 
another; in fact, if E is typical of the errors ¢,, ¢,.. . en, then a first 
approximation to the error arising from them in the average is 
2k* 
3Vn 








* It is as likely as not that so great an error would be obtained. See 
Part II, Chap. IV. 
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Thus in the average of one hundred measurements, whose 


individual unbiassed errors are about =, the resulting error 


2 I P ae Pam = e 
may be no greater than 3 *zo7 »/100 = Teo" There is no 


counterbalancing tendency, on the other hand, in the biassed 
errors; if each estimate was Io per cent. in excess, then the 
average is also-10 per cent. in excess. When aiming at 

Great effect of accuracy our principle always is to take care of 

biassed errors. the pounds, and let the pence take care of therm- 
selves; and it is quite futile to diminish the unbiassed errors, 
that is to increase the precision of our measurements, while a 
Jarge biassed error runs through them all. If we do not know 
of the existence of biassed errors, which in reality pervade 
our estimates, there is no remedy; if we do know of them, we 
are likely to obtain more accuracy by the most erroneous cor- 
rections for them than by neglecting them; for when we make 
unbiassed corrections for our biassed errors, we reduce them to 
unbiassed errors, and then the more terms we include in our 
average the smaller is our resulting error. If, for instance, 
we find that the average weekly wage of agricultural labourers 
throughout the country is 13s., and by considering the circum- 
stances of the thousand returns which we may suppose led 
to this average we have reason to suppose that an error of 
Is. would be typical of the unbiassed errors in them, then 
an error of 5 of Tas , that is only a farthing, may be expected 
to result in the average. We have here a totally illusive 
accuracy; the part of the labourer’s income which we have 
not included, payments at haytime and harvest, facilities for 
piece-work, cheap rent for cottage and land and smaller 
perquisites, is not capable of exact calculation. If we omit 
all these entirely we shall leave an error in our average of 2s. 
or so; but we make individual estimates of these additions, 
in all the thousand cases, though each estimate may be 2s. 
wrong, if there is no bias, the resulting error in the average 


2 25. ° I 
t a ey online 5% ; 
may be expec ed to be of i , that is only d.: our 


whole error now may be less than rd., instead of 2s. In 
estimating the accuracy of published averages, these principles 
should be always borne in mind, and the possibility of biassed 
etrors always considered. 
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When we are dealing with the errors of a ratio the case is 
quite different. The error of a ratio is approximately equal to 
the difference between the errors in its terms; if Accuracy of 
n, n? and ¢, e! are the biassed and unbiassed errors ™perisons. 
in the terms, then by Rule V. (ny! — m) + (¢! — ¢) is the error 
in the ratio. Now the unbiassed error (e! — ¢) is likely to be 
of nearly the same magnitude as either ¢ or e+ ;* if, as in the 


above example, e and e! are unlikely to be much greater than 5 


(e} — ¢) would be unlikely to be much greater than 3. But 


(jn! — 7), the result of the biassed errors, will, if the bias in both 
terms of the ratio was in the same sense (positive in both, or 
negative in both), be less than the original errors. If we have 
made the estimates of both terms on precisely similar methods, 
if we have asked the same questions of the same classes of 
persons, included and omitted the same details on both occa- 
sions, we shall have made nearly the same errors of bias in both 
estimates. To return to our previous illustration, if we have 
made the glaring mistake of omitting everything except 
average weekly wages in the income of an agricultural labourer 
on both occasions, the only resulting error in the ratio will be 
that due to the change in the proportion that these extra 
payments bear to ordinary wages, which in short periods is 
likely to be small. Or, if we had taken summer wages as the 
average for the year in both cases, the error in the ratio will 
depend only on the change in the relation of summer wages to 
that average. Hence the error in the ratio of two estimates 
at different dates of a slowly changing quantity is, if the 
estimates are made on similar methods, often much smaller 
than the error in either estimate singly ; for the unbiassed error 
is little greater, and the more important biassed error is much 
diminished. We need not now know of the existence of the 
biassed errors; they will disappear of themselves. If we are 
aware that there are biassed errors, and have any means of 
making fairly good estimates of them, it will be worth doing; 
but we shall make a great mistake if we correct the bias in 
one year and leave it uncorrected in another. For purposes of 
comparison it is very seldom of much use and often of great 





* If E is the probable error in ¢ or e!, then E. V2 is the probable error 
in their difference; see Part II, Chap. IIT. 
o* 
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disutility to make the later estimate more accurate than the 
wee, eatlier. The error resulting from unbiassed errors 
e can indeed be diminished a little,* but the error 
of serial returos. reculting from the more important biassed errors 
will only be increased. All Government officials and others 
who compile annual returns are in a dilemma: to make their 
annual statements accurate in themselves, they should always 
be straining after improvements, they should always be watch- 
ing for changes in the quantities measured and adapting their 
methods and tabulations to these changes; but to make their 
annual returns comparable with each other, they should be 
absolutely conservative, and cling to any mistakes they or their 
predecessors have made in the past with all the strength red 
tape can give them, being careful, however, not to add to the 
mistakes or make new omissions. The dilemma can in some 
cases be avoided; for when an improved method is introduced, 
the tabulation can sometimes be given for a few years both on 
the old and on the new plans; then when the difference intro- 
duced by the change is known, the earlier figures can be 
brought to the greater precision of the later. Thus the Board 
of Trade since 1898 has included in the tabulation of exports 
ships which, leaving our shores with merchandise, are them- 
selves sold to a foreign owner; and we have the following 
tabulation :— 


Need for 





Exports of Home Products 
(exclusive of ships sold to 


foreigners) - - -{| £255,465,000 | £233,359,000 
Re-exports of Home and 
Colonial Merchandise 65,020,000 60,655,000 


Total - -| £ 320,485,000 £,294,014,000 
Value of New Ships exported 9,195,000 Not stated. 





New total -| £329,680,000 


* For if E and E, be typical of the unbiassed errors at the two dates, 


then VE,?+E? is typical of the error in the ratio, which diminishes with 
either E or E. See Part II, Chap. IV, formula (66). 
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Ignorance of slight alterations in the collection and tabula- 
tion of material has been the cause of many statistical mistakes. 

To sum up the chief results of this chapter: there are two 
processes which tend to accuracy—averaging, which diminishes 
unbiassed errors; and comparison, which dimin- , 
ishes biassed error. The errors in weights are 
seldom so important as the other errors which are present in 
estimates. Errors in a result cannot, of course, be calculated, 
but can be expressed in terms of errors in the items, from 
which it comes; we cannot attain certainty, but we can 
indicate processes which diminish errors, and with the help of 
mathematics measure the extent of diminution. Initial errors 
are diminished most, when we calculate the ratios of weighted 
averages of similar and similarly estimated quantities. Index- 
numbers, which we discuss in the next chapter, are examples 
of this class. 

The accuracy resulting from the process of sampling 
requires more mathematical treatment, and is dealt with in 
Part II, Chapters II, and IV. 


Results. 


oO 24 


CHAPTER IX, 
INDEX-NUMBERS. 


THE discussion of index-numbers supplies so good an illus- 
tration of the principles laid down in the last chapter, and 
index-numbers are so important in themselves, that, though it is 
our intention to avoid special questions, it will be worth while 
to devote a chapter to them. 

Index-numbers are used to measure the change in some 
quantity which we cannot observe directly, which we know to 

Function of have a definite influence on many other quantities 

index-oumbers. which we can so observe, tending to increase all, 
or diminish all, while this influence is concealed by the action 
of many causes affecting the separate quantities in various ways. 
Thus, to take three of the quantities to which index-numbers 
are applied, the change in the relation of the precious metals 
to the work to be done by them affects prices of all com- 
modities, but very many other causes are at work affecting the 
prices of separate groups of commodities; there are general 
causes tending to raise the wage of a week’s work of average 
skill, but this general increase is concealed by numberless minor 
causes affecting different grades of labour in different degrees ; 
the change in the consumption of goods by the working or other 
classes is a sufficiently definite quantity, but it can only be 
measured indirectly by observing the varying changes in the 
consumption of individual] articles. 

The use of index-numbers is not, however, confined to these 
instances, but is nearly co-extensive with the field of statistics; 
for we have limited the term statistics to the measurement of 
complex groups and their changes; the object of statistics is to 
measure the action of the general laws which govern a hetero- 
geneous group, and the changes produced by general forces can 
be measured, as a rule, only by their effect in individual cases; 
thus the method of index-numbers is at once applicable to the 
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disentanglement of that which is common to the whole group 
from those variations which are special to individual items. 

In the more restricted sense a series of index-numbers is a 
series of weighted averages, calculated periodically, where the 
quantities averaged are similar (prices or wages), mature of 
and the weights are defined so as to give the ‘sdezsumbera 
actual average of the whole group concerned in each measure- 
ment. In its less restricted sense a sertes of index-numbers 4s @ 
series which reflects in tts trend and fluctuations the movements of 
some quantity to which tt 1s related. Where the weights and the 
quantities are both known exactly, the method of index-numbers 
is merely a convenient way of expressing straightforward 
arithmetical results in a simple manner; this simplicity can be 
nearly realised in index-numbers of prices of exports. Where 
the quantities are samples selected from a wide group, and there 
is no obvious method of deciding their relative importance, the 
index-numbers have a less direct relation to the movement of a 
definable and measurable phenomenon; such is the nature of 
most price index-numbers and of some wage index-numbers. 
Where the quantities are not direct measurements of examples 
of the phenomena which it is desired to study, but of allied 
phenomena, then the connection between the series of index- 
numbers and the phenomena is indirect ; such, in fact, are most 
of the index-numbers of wages and of employment.* 

The most ordinary way of forming an index-number is inter- 
mediate between the extremes of exactness and of indirect 
relation. Thus in the Labour Department’s index-number of 
the change of rates of wages, the objective is presumably to find 
numbers, year by year, whose ratios are the same as the ratios 
of the average rates of weekly wages of persons in regular 
industrial work in the United Kingdom; at least, the numbers 
are generally quoted in this sense, and the heading in the 
Abstract of Labour Statistics is ‘‘ General Course of Wages in 
the United Kingdom ” (¢.g., XVIth Abstract, Cd. 7131, p. 82). 
This index-number is obtained by selecting some hundreds of 
recognised time or piece rates, expressing each as a percentage 
of its amount in 1900, and averaging the results year by year. 
The choice of weights in this average is indirect; each of the 
five groups (building, coal-mining, engineering, textiles, agricul- 

* Parts of these pages are taken from the Statistical Jowrnal, 1912, pp. 
791-5. 
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tural) is taken as of the same importance, while the building 
group contains 74 items, agriculture 115, etc. Mr. Sauerbeck 
obtains his index-number of prices by selecting the prices of 
typical commodities, and weights them by the device of dupli- 
cating quotations for the more important. Thus in these and 
other cases we have a selection of ‘ quantities,’’ whether 
deliberately or by accident, and an assignment of “‘ weights,” 
whether directly or indirectly. It is then hoped that the 
numbers will move in direct proportion to the phenomenon, 
average wage or average level of prices, whose measurement is 
attempted. 

In such cases three points call for consideration—(1) The 
nature and extent of the group and the nature of its special 
property whose general change is studied. (2) The method of 
choosing samples. (3) The effect of weights. (rz) With Mr. 
Sauerbeck’s numbers the group is Prices of wholesale com- 
modities in the United Kingdom ; and with other index-numbers 
the groups are the prices of goods exported, of goods imported, 
andsoon. Inthe Labour Department’s wage index the group is 
two-fold and consists of (a) rates of weekly time wages, (0) piece 
rates, and the result ishybrid. It is essential to define both the 
extent of the group and the property or attribute which is to be 
measured. The property is sometimes elusive, as the “ purchas- 
ing power of money ‘or “‘ the amount of unemployment,” andin 
such cases we have to define and measure an allied attribute, 
such as the level of prices or the number unemployed according 
to some chosen definition of unemployment. (2) In choosing 
samples, the rule generally followed is to take only those where 
the definition is adequate and the measurement accurate, and 
in the best known index-numbers the choice is then so limited 
that all quotations which satisfy the rule are included. It very 
often happens that in this way the definition of the group must 
be reconsidered and limited. Thus if we start out to measure 
prices in general, the necessities of definition generally limit us 
to wholesale prices of goods which have regular market quota- 
tions; and in wages the Labour Department is limited to cases 
where wages or rates are agreed on or standardised (except 
in the case of agriculture). In order that the resulting index- 
number should be subject to the analysis of the law of error the 
samples should be random and independent in their fluctuations 
from the general movement ; dependence increases the number 
of samples necessary for an assigned precision. Randomness 
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may, perhaps, be secured by the accidents which make the 
samples eligible; this is probably the case with wholesale prices 
but not with wages. Where the selection is biassed, we may 
sometimes obtain safety by further restriction of the definition 
of the group. (3) If the number of independent quantities is 
at all considerable, any reasonable system of weights is likely 
to give as good a result as the conditions of the problem 
allow. 

Suppose that the changes in a group of quantities are deter- 
mined by one general force which acts on all in the same sense, 
that is, tends to increase all or decrease all, and by several other 
forces each of which acts on one or more of the quantities, and 
some of which tend to increase, others to decrease the quantities 
they affect ; then of the special forces, some will tend to increase, 
others to diminish the average, while the general force will 
have a cumulative effect entirely towards increasing, or entirely 
towards diminishing it. If the separate effects of the special 
forces are small compared with their number, they will tend to 
neutralise one another in their influence on the average; and 
the change in the average will show the influence of the genera] 
cause only. In the language of the last chapter, the special 
forces produce unbiassed changes, which are negligible in their 
effect on an average, in comparison with the biassed changes 
produced by the general force. 

It appears from consideration of many of the index-numbers 
in ordinary use that the quantities actually measured are not 
those whose general movement we wish to know. Wholesale 
prices do not move with retail prices in accordance with any 
simple law, either of constant difference or constant ratio; 
standard wages differ in an unknown way from average wages ; 
piece-rates have a varying and unknown relation to earnings. 
We do not get any such simple relations between the quantity 
that can be measured and the property that is really in question 
as y = x, ory = kx, ory = a+ 6x; but rather y = f(x), where 
the form of the function is unknown. In order that the index- 
number may be intelligible, y = @ -++ 6x must be a good approxi- 
mation over the ordinary range of x—for extreme values of x 
terms of higher powers may become important and the resulting 
index untrustworthy. Here a disappears in the process of 
forming an index-number. It is often difficult to determine 8, 
which measures the ratio of a change in y to that of a change 
in %. 
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The resulting index-number for any assigned year may be 
defined and expressed thus: Let x, %, . . . %» be » quantities 
whose general movement is to be studied. Let ,,y,...-.- 
y, be measured quantities related to the former by equations 
of a form to which y, — 100 = 8,(x, — 100) is a good approxi- 
mation.* Let suitable ict W,, W,... be assigned and 
ot a 1 Vy + Wg yg ts 
write J for — a *, and I for ww. + + . 
Then Jis the incalculable theoretic index-number whose changes 
express the movement, and I is the index-number calculated 
and used. 

Zw (y— 100) wb (x — 100 
I — 100 = Sa 7 ac aS Sa 

Let 6, =k +4,,6,=k+d,.... , where & is chosen, if 
possible, as that average of the b’s which makes 

awa cd = 100) ( = F, say) 
small for the ordinary range of values of the x’s. 

Then P 
I — 100 = 222% — 200) 4 Sees — 109) _ & (J — 100) + Ff, 

If the x’s have, in general only, a moderate range of values, if 
the b’s are nearly equal and extreme values of 6 do not coincide 
with extreme values of w, then F is small and its variation from 
year to year negligible. 

In this case I is so related to J that it equals 100 in the 
standard year when J (and every x and y) is roo, and a change in 
its value is very nearly & times the change in J, where & is an 
average of the b’s which measure the ratio of the changes of 
the various y's to those of the corresponding ~’s. 

If we try to make a retail price index-number out of whole- 
sale prices, the b’s are not known, and presumably differ greatly 
from one commodity to another, from time to time, and vary in 
an unknown way when prices are specially high or low. Hence 
the connection bet ween general retail prices and wholesale prices 
is not so close as to allow the statement that a change in the 
one is directly proportional to a change in the other. In the 
case of the Labour Department’s index-number of wages, the 
changes in time-rates have not the same relation to earnings 
as have those in piece-rates, and in neither group is the relation 


re ee Se nae a 
* This equation can readily be obtained by @ rearrangement from 
yma+ bz. 
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known; that is, the 5’s are unknown and are not equal. So 
far as piece-rates are concerned, when these rates are rising it 
often happens that earnings rise more rapidly (6 less than 1), 
and when they fall that the earnings fall less rapidly (6 greater 
than r); that is, the d’s are not constant and F, in the formula 
just given, is unknown and not negligible. 

If the b’s are equal, F is zero, and & could be determined by 
special examinations in two years. Then the movements of I 
would reflect faithfully the movements of J on a known scale. 

The actual relations are not known; if an x is 4 per cent. 
above the average, we do not assume that y is also 4 per cent. 
above its average, but assume that its deviation is 4 per cent. 
x 6, where 6 is nearly constant. The 0's differ from some 
(weighted) mean value (£), and it is assumed that the effect of. 
these differences nearly disappears when the average is taken, 
and that the mean value, &, is nearly constant from year to 
year. Various hypotheses can be made as to the values of 
the b’s and the resulting value of k, and the fluctuations of the 
index-numbers interpreted. 

It is essential that when an x returns to a value after a 
fluctuation, the corresponding y shall return to its former value, 
or at least that any differences shall be small and unbiassed. 
This condition would be broken if wholesale prices were used to 
measure the changes in retail prices, while the relation between 
the two gradually changed, as presumably it does. It is broken 
in the Labour Department’s index of the general course of 
wages, in so far as changes in standard wages or piece-rates 
have a varying relation to changes in average wages. 

There are many index-numbers of wholesale prices extant, 
some of which we may pass in review. The Board of Trade 
publish the recorded quantity and value of goods tnx Board of 
imported and exported, and the average prices of Tsée index 
these goods can be calculated. Those commodities are selected 
which occur in the returns for the whole period chosen. A 
particular year is chosen as base; then the goods are valued 
in all other years separately at their prices in the base year; 
the total of these values in any year is the sum which the 
goods would have been worth if their prices had remained 
unchanged; the ratio of this value to that actually recorded 
is the ratio of their average price in the base year to their 
average price in the other year selected (if the term average 
is used broadly), and if the first term of this ratio is equated 
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to 100, the second term is the index-number required for the 
vear selected, expressed as a percentage of the number for the 
base year. It is at once evident that we are here dealing with 


weighted averages. 
Let 2;, ps, Ps . . - be the prices in the base year of units 


of the goods selected, and 1)1, refe, 73/3 . . . the prices in 
systems the year for which we require an index-number : 
of weight. then 7, %, 73 - . - Measure the changes of prices 


for the separate commodities, and these r’s are the samples 
from which we are to deduce the general change of price. 
The weights used in the process described may be found 
thus: let },, b,, b, . . . be the numbers of units of goods in 
the selected year; then the total value in the selected year 
at the prices of that year is (b,7,), + bereh_ + .. .), and at the 
prices of the base year is (bp, + bef, -+ .. .); the ratio is 
Lbrp: £bp, and the index-number for the selected year is 
aor b 
100 X SES = I00 X xr. sis) 
Here the weights applied to the 7’s are the values which the 
corresponding goods in the selected year would have borne at 
the prices of the base year. It is clear that the selection of the 
standard year affects the weights, for any particular commodity 
can be given special weight by choosing as base a year in which 
its price is high, and much trouble has been spent in searching 
for a ‘‘ normal” year; but though the weights of separate com- 
modities are affected, it does not follow that the average will 
be altered, and we should expect from the principle laid down 
above that the change would be very slight. In fact we have 
the following figures :— 


INDEX-NUMBERS OF 1886 AND 1883 COMPARED.*® 








ImpPortTs. Exports. 
Values at | Values at | Values at bike at |! Values at | Values at | Values at | Values 
Weights. 1873 1883 3861 3883 1873 3833 186 | at 188: 
Prices. Prices. Prices. Prices. Prices. Prices. Prices. | Prices. 








100 100 


87 89 


100 100 100 
82.3 883 88 


1883 100 100 100 
1886 81.7 82.1 82.9 








ro From the Economic Journal and the Statistical Journal, both June 
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It is possible to produce figures which show a variation 
caused by a change of base year, but it is done by choosing 
samples which lend themselves to the special argument. 

Since so great an alteration in choice of weights makes so 
little difference, it is worth while to see if we need even keep 
the weight due to the quantities imported (the ’s in the above 
formule). The following table may be quoted * to show that 
these weights even have little influence :— 


Index-Numbers for 1895, when that of 1881 1s 100, obtained by 
Various Systems of Weighting. 


u 
RATIOS OF PRICES (7%, %,.. -) 
Weighted 


ois Weighted | ane ‘3 
eclare thmetic eometric 
"Yala in | Mean, | Median “pean, 

















Quant 

rices. 
Imports | 673 69 73% 724 72} 
Exports | 83 87 82 81 78h 








Let b,, by . . . be quantities and #,, f,... prices in 1881, 
and let c,, c, . . . be quantities and 7,),, r.f, . . . prices in 1895. 
The first column gives the result of— 


Sum of 1895 quantities at 1895 prices 


100 X Sum of 1895 quantities at 1881 prices 





= t00 SeiPits cea and the weights applied to the 7’s are the 1895 
Va | 
quantities valued at the 1881 prices. 
The second column gives the result of— 


renee Sum of 1881 quantities at 1895 )5_ Prices 
Sum of 1881 quantities at 1881 prices 


= ree and the weights applied to the r’s are the declared 
Vee | 


values of 1881. 





In the next three columns the arithmetic mean, the median, 
and the geometric mean of the r’s are given. In the last column 


but one the arithmetic mean of -, = _. . , that is of the ratios 
1 "3 





* From the Economic Journal (with a correction in the statement of 
weights). 


204 ELEMENTS OF STATISTICS 


of the prices of 1881 to 1895, is calculated, and the ratio of this 
mean to 100 equals the ratio of 100 to a new index-number, 
which corresponds to the former arithmetic mean with the 
years 188r and 1895 interchanged. The figure in the last 
column is calculated from material given in the Economsst ; 
every year the imports and exports are valued at their prices 
in the previous year, and thus an annual ratio is given similar 
to that in the first column of figures in the table just given; 
the number 100, taken for 1881, is multiplied by this annual 
ratio year by year till 1895, and the number 71 is the result. 
[Algebraically this index-number is :— 


TOO X x(r. 56) x a(n. 55) x X.] 


A more complete analysis of these figures, and an investiga- 
tion as to the causes of the divergence between the export 
indices 87 and 75, would show which of the methods should be 
adopted. Here we will be content with noticing that the 
unweighted average, 82, is very near the first weighted 
average, 83. 

Further methods of dealing with such weights are given on 
pp. 209-211, under Retail Index-Numbers. 

The advantage of index-numbers on the Board of Trade 
basis is that they measure approximately an objective quantity, 

Objective and a result is obtained which can be stated in 

measure. terms which appeal to the ordinary man who is 
not a statistician: such as, “The imports of 1895 would 
have cost half as much again if their prices had been those 
of 188r1;”’ but it does not follow that this index is the best 
measure of the less-definable quantity, “‘ Fall in the price of 
imports,’ where we imagine a general cause affecting this 
class of commodities whose action is modified by other partial 
causes. 

It is important to choose a normal year or the average of a 

Choice of base period as base, for the choice of year affects the 
yeas. effective weights in subsequent comparisons. Using 
the following notation— 





Weights Price in ce in Price in Ratio of Prices rie 
chosen. Base Year. Pichia Year, Third Year. and Second Y - 
@, 100 1007; 1007 R, mar i 


3 3 : 
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and writing 100, I;, I, a8 the index-numbers in the three years, 
we have— 
Swroo , Swioor , Swroor! _ Lil 
“So Sw Sig = 1007 ae Os 
ee Swrt S(wr . R) 
os I,= I, » 4 Sop hh x ~~ Swr 


Whereas if we had taken the prices all as 100 in the second year 


we should have I, = I, Xx — 





If the averages were unweighted we should still have the same 


difficulty, for then the values would be oR on one system and 


I 
a on the other, 


Since errors in weights have under ordinary circumstances but 
little effect, it is only when a quite abnormal base year is chosen, 
or when prices are moving very irregularly, that this consideration 
becomes important. 

Professor Edgeworth has pointed out that the use of the geo- 
metric mean avoids this difficulty in the case of Geometric 
unweighted averages. In the same notation— mean. 


100: 1,:1,= 100: 100Vr,7, ... me: 100%/7,"7,! . . . rat 
7... . Tat ooo 
shah x / B® 1, x VRR,... Rs, 


Wy%q ne I 
so that the same result is obtained for the comparison of two years 
whatever year is taken as base.* 


Mr. Sauerbeck and the Economist both avoid in part the 
difficulty of weighting the separate ratios by their relative im- 
portance in consumption, by selecting from those other index 
commodities whose prices are most accurately  sumbes 
determined more instances of such widely consumed articles 
as wheat than of less important commodities such as linseed. 
Mr. Sauerbeck has, in his annual articles in the Journal of the 
Royal Statsstical Society, verified the correspondence of the un- 
weighted average of his 45 ratios with the average of the same 
weighted on various principles. f 

While the choice of the special weights to be employed is, 


in ve’s Dictionary of Polsttcal Economy. 
¢ See, for example, Statistical Journal, 1900, pp. 97, 98. 
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when the number of ratios taken is at all considerable, quite 
importance of UNimportant, the choice of the quantities dealt 
right choice with has great effect on the result. Thus import 
ofsampies. figures, relating to raw materials and the produce 
of other countries, do not lead to the same index-numbers as 
export figures dealing with the price of our own produce, 
though the tables just given show that they are little affected by 
weights ; and neither of these agree closely with Mr. Sauerbeck’s 
or the Economist’s numbers, and these again are not in complete 
agreement. The samples on which these four sets of numbers 
are based are from different groups of commodities, and the 
numbers show that the same forces do not affect these groups 
in the same degree. When we have so multiplied our samples, 
that we can subdivide them without affecting the index-numbers 
deduced, we may expect our results to represent the required 
measurement.* 
If we compare the Economist index-numbers with Sauer- 
beck’s during the period 1860-70, we see that the former show 
Great advantage 2 Very much greater increase during the cotton 
of the median. famine than the latter. An index-number which 
can be greatly disturbed by fluctuations, however violent, in 
only one group of commodities, is clearly wanting in some of 
the chief qualities of a general measure of price levels. A very 
simple means of avoiding this difficulty, and indeed all the 
intricacies of weighting, is to take the median of all the price 
ratios of a particular year as the index-number of that year. 
It is perhaps impossible to show theoretically that any other 
average Satisfies the required conditions better than the median, 
if a sufficient number of items are included, and there can be 
no doubt that it is practically the easiest to calculate. 
If, on the other hand, paucity of data makes the inclusion of 
weights necessary, and the popular desire for concrete measure- 
Propeed  Ments makes a fine show of weighting expedient, 
sundard. we perhaps cannot do better than to adopt such 
a standard as that proposed by the Committee of the British 
Association, for the construction of an index-number, which 
might be the basis of business transactions involving future 
payments. This standard is as follows :— 





is Sianwicel Jo es a oe : be eee in annual articles of ag 
in the istic ournal ; and a diagram w them from oO 
published by P. S. King & Son. =~ ” . ° 
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Basis of Index-Number recommended by the Committee appointed by 
the Economic Section of the British Association, 1888. 


Prices to be taken from 


Wheat - - Gazette envEraaS, English wheat. 
Barley - - barley. 
Oats - . » oats. 
Potatoes, rice, &c. Av. import price, potat 
Meat - . Market quotations, live meat, 
Smithfield. 
* ° ° Board of Trade Returns; aver- 
age per cwt. landed. 
Cheese, butter, milk Cheese and soaaad average im- 
port price 
Av. amiport price, sea sugar. 
” export 
* import 


Beeeaaeaeet® 8 


w €x coal. 
Market eric Scotch pig-iron. 
Av. import price, copper ore. 

n lead ore. 
Average pan price. 
# # 


” 


e 
e 
e 
e 
e 
e 
oe 
e 
e 
oe 
e 
e 
oe 


Ppe 
Lead, zine, tin 
Timber - : 
Petroleum ° 
Indigo - 

Flax and linseed 
Palm oil ° 


Caoutchoux - 
@ 





American statisticians have adopted a method of comparing 
totals instead of weighted or unweighted price-ratios for the 
formation of index-numbers. ‘‘ By so doing, it is maintained, 
two difficulties are overcome: First, the problem of choosing 
a base year, since actual prices do not necessarily have to be 
reduced to a relative basis, and, second, of deciding on an 
appropriate average of relatives.””* In fact the method, 
though it may have advantages in intelligibility and simplicity 
of construction, introduces no new principle. It may be thus 
described :—The price of each article in, say, 1914 is multiplied 

* Secrist, An Introduction to Statistical Methods, Paes PR. 329 8 329 ee 


40. See the Bulletin of the United States Bureau of 
Number 181, October 1915. 
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by the quantity marketed in the last census year, 1909; the 
price in, say, 1912 is multiplied by the same quantity. W5:th 
the aggregate for 1914 as the base, or roo, the index-number 
for 1912 is obtained by comparing the 1912 aggregate with the 
1914 aggregate. If w,,w,... are the quantities, P,, P,... 
the prices in 1914 and #,, p, . . . those in 1912, the aggregates 
are SwP, Swp, and the index is 100 2% = 100 “@E-R) where 
R,, R,... are the price ratios 1914 to 1912. This is equivalent 
to the Board of Trade index discussed above, and has no special 
claim to accuracy. 
Since we can only obtain rough correspondence in dealing 
with wholesale prices, we cannot expect to be able to measure 
Retail priee  Tetail prices with any great precision. For we saw 
index. in the preceding chapter that the error in an aver- 
age bears a definite relation to the errors in the items which 
compose it ; if the errors in the items are on the whole doubled, 
it is likely that the errors in the average and in the ratio of two 
averages will also be doubled, and we shall need four times * as 
many samples to restore the precision. Unfortunately the 
material for computing a retail index-number is even more in- 
complete than that for wholesale prices, and owing to the smaller 
number of articles that can be included, and the preponderance 
of such items as bread and rent, the question of weighting 
becomes of more importance. 
When we wish to construct an index-number to show the 
purchasing power of money of special classes, we must take 
Special into account some considerations which can be 
aificulties. ignored when dealing with wholesale price num- 
bers. Different classes of persons at the same time, and the 
same classes at different times, spend their income in varying 
proportions on different objects. If we could collect enough 
sufficiently accurate samples, this fact would not matter so 
much; but it would still be of some importance owing to the 
tendency to make increased purchases of cheapening com- 
modities. As it is, it would be necessary to construct separate 
index-numbers for each class and each district. The difficulty 
of insufficient and inaccurate data cannot at present be over- 
come; but as it is possible that we may in the future get definite 
records of retail prices sufficiently numerous to make up for 


® See Part II, Chap. IV. 
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their want of precision, we may glance at the other details of 
the problem. To form an index-number for a particular class 
of people, we need records of the method of expenditure of their 
income at all the dates in question, of sufficient numbers to 
obtain the slight precision which weighting needs. Then if we 
had fairly good records of retail prices several methods of 
weighting are open to us,® all of which are likely — sethoas of 
to give nearly the same result. The necessity of isting. 
weighting and the methods are best shown by a numerical 
illustration. f 

The data for the measurement of the change of the cost of 
living, however it' is defined, are always of the same nature, and 
consist of records of the quantities of various commodities 
bought and the prices paid for them at two dates or places or by 
representatives of different social groups. Thus we have given 
with greater or less accuracy :— 





In the Table on p. 210 are shown in this form the budgets 
used in the Report of the Committee on Cost of Living, 1919. 

The second year’s budget at the first year’s prices would 
have cost 225°5d. instead of 455-5d. The index-number of 


retail prices on this basis is 100 x Bee or 100 <5 = 202°0. 
The weight applied to a price ratio : P is gP. The index- 


number =100 Te ee ee ee (a) 


The first year’s budget at the second year’s prices would cost 
§21°6d. instead of 246°5d. The index-number on this basis is 





* See article on Wages, Nominal and Real, in Palgrave’s Dictionary of 
Political Economy, pp. 640-41. 

t Taken with part of the context from “ The Measurement of Changes in 
the Cost of Living,” Statistical Journal, 1919, pp. 343 seq. 


210 ELEMENTS OF STATISTICS 


I0o x. soe oF 100 ERB = 2116 ob et ae oe ae ee e218) 


The weight applied to a ratio #:P is QP or E. This is 
the method used in the Labour Gazetie to measure the “ average 
increase in retail prices.” 





Urban Working-class Budgets. (Based on Cd. 8980, p. 18.) 


EXPENDITURE OF STANDARD FAMILY. 





























T1914. June, 1918, 
p/P 
P E ? e 
a men male Pri are 
tity, | Price. | pen tity. - ae Ratio 
d. d. d. d. 
1. Bread and flour Ibs. | 33.5 | 1.51] 50.5 || 34.5 | 2.36, 81.5 || 1.56 
2. Meat ary 6.8 | 86] 585 4-4 | 18.6 | 82.0 || 2.15 
3. Bacon - a6 1.2 | 11.7 | 14.0 2.55, 26.1 | 66.5 |] 2.24 
4. Lard, suet, ete. - SO gs 1.0| 7.5) 7.5 78 17.9 | 14.0 || 2.29 
5. Eges - - No. | 13 I.0 | 13.0 9.1 4.0 | 36.5 || 4.00 
6. New milk - -pints | 9.2 | 1.8| 16.5 || 11.7 | 3.0 | 35.5 || 1.69 
7. Condensed milk tins .25| 6.0] 1.5 .59' 14.5 | 8.5 |} 1-42 
8. Cheese - - Ibs. 84 8.9] 7.5 -41| 20.7 | 8.5 || 2.32 
9. Butter - - ,, 1.70, 14.4 | 24.5 79, 29-7 | 23.5 || 2-07 
10. Margarine - 5, 42) 6.0| 2.5 .gt| 12.1 | 11.0 || 2.0% 
11. Potatoes - - 5 15.6 7 | 11.0 || 20 1.25 25.0 || 1.78 
12. Rice and tapioca _e,, 1.4] 32] 4.5 1.3] 5.8] 7.5 || 1.82 
13. Oatmeal - igs 1.3] 1.9] 2.5 1.4] 4.3 | 6.0 || 2.24 
14. Tea - - - 55 68 21.3 | 14.5 .57| 33-3 | 19.0 |] 1.56 
15. Coffee - e.g 09 16.7} 1.5 12} 25.0 | 3.0 |] 1.50 
16. Cocoa - - 5; 18 19.4 | 3.5 23; 32.6 | 7.5 || 1.69 
17. Sugar - = yy 5.9 | 2.2 | 13.0 2.83 a 20.0 || 3.25 
Total - - -j;— — |246.5 || — — ‘455.5 —_ 
Other food - -f — | — | 52.5] — | — [111.5 
Total - - -{| — | — [299.0 | — | — |567.0 ~— 





S Pe. ee si ays § opnst, OS ei alan: 

In some cases there may be reasons for preferring (a) or 
preferring (0). If not, it is reasonable to take a mean between 
the results; the arithmetic mean is 206-8, the geometric mean 
is 206-74, the harmonic mean 206-69, and it is usually indifferent 
which we take. Or a method which may be commended for 
its simplicity in idea is to take the averages of the quantities 
seriatim ($ Q, + 9;, 4 Q, +42. . .) and find their cost in each 


year and compare their sums. This gives 5 =e X 100 


= 2037. The weight applied to a ratio is now (Q + 9)P  (c) 
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Another method is to take the average of the expenditures 

at the two dates on each item as the weight for the price ratio 
_. SE 6 

of that item, so obtaining Se) 1986. . . . (A) 
This, however, involves the quantity #?/P in the numerator 
and gives undue weight to exceptional movements of prices 
of particular commodities. 

In absence of knowledge of quantities the simple average 


of the price ratios ish XI0O=209T ...... (6) 


is sometimes taken; but it is never safe to neglect weights in 
this problem, though it is not necessary to aim at great precision 
in them. 

Finally, a more complicated method has been advocated in 
which it is supposed that the second total is expended in the 
same proportion item by item as the first, and the quantities 
of each item thus purchasable are valued at the price in the 
first year. The ratio of the whole actual expenditure in the 
second year (x 100) to the expenditure so calculated 

E 
vee “nae spt 1964... (/f) 
Eich x A +... 


The weight applied here to the ratio ; is OP? = 4, and as in 


case (d) gives undue weight to particular prices. Also there is 
no reason to suppose that the expenditure is kept in a constant 
ratio item by item. 

No agreement has been reached on the question which 
method is the best for the measurement of retail prices; but 
there are serious theoretical objections to (d) (e) (f). There is 
nothing in general to choose between (a) and (5), but for this 
purpose one year has the same claim to be included as the 
other and we are therefore obliged to take a mean. Of the 
various means the method (c) of averaging the quantities is the 
most sensitive, is quite easy to compute, and on all grounds is to 
be recommended. * 

The problem of measuring the movement of retail prices 
has been generally confused with that of measuring the change 





* This opinion is different from that expressed in former editions. For 
further information see the bibliography in the article on Workmen’s Budgets 
in Palgrave’s Dictionary of Polttscal Economy. 

P2* 
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in cost of a standard (representing either minimum subsistence 
or efficiency subsistence) with the items the same at both dates. 
It is not proposed here to discuss such a measurement in detail, 
but it should be realised that there is a continual change in 
the prices and supply of the various commodities. For such 
budgets it ought to be assumed that the same nourishment 
(or more generally the same satisfaction) is obtained at each 
date by the most economical purchases, so that the quantities 
of those foods whose price has risen least or fallen most are 
increased while others are diminished, and consequently an 
upward movement is less and a downward movement greater 
than that measured by method (a).* 

There are still two further considerations which hinder 
the complete solution of the problem. In all budgets rent is 

Further | an important item, and there seems no prospect 

difficulties, of obtaining any good estimate of the relation 
between increasing rent and improving accommodation, allow- 
ing for the benefits of public expenditure paid by rates included 
in rent. Again, if we consider, not how money is spent, but 
how it might be spent, we should have to introduce a more 
general factor; for the margin which remains when necessities 
are satisfied may have a rapidly growing purchasing power, 
as the products of machinery increase in variety and diminish 
in price; perhaps the calculated fall in wholesale prices forms a 
fair measure of this growth. 

Leaving this very difficult problem, let us return for a 
moment to the measurement of a quantity more typical of 
index-numbers.¢ If we have to measure the action of a cause, 

Index-numbers Which affects quantities which have no common 

of consumption. measure, we are still able to apply index-numbers. 
A general increase has taken place in the consumption of 
imported goods, and if we can measure this increase indepen- 
dently of any change in price, we can use it for criticism of any 
measurement of a movement in real wages. The only common 
measure of bread, currants, cheese, meat, etc., of practical value 
is their price, their weight being useless for the purpose; 
consequently another method is necessary. If the quantities 





* For the discussion of these questions see ‘‘ Cost of Living,’”’ Statistical 
Journal, May 1919. 

¢ The following illustration is based on Mr. G. H. Wood's paper on 
** Some Statistics of Working Class Progress,’ Statistical Journal, 1899. 
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consumed year by year of a number of such commodities are 
written down, expressed as percentages of the consumption 
in any years (not necessarily the same), we have series of 
numbers which only need weighting to form the index-number 
required. We can in this case verify, that any logical choice 
of weights, based on their value or their assumed importance, 
or even a random system of weights, gives much the same 
index-number as the simple arithmetic averages; in fact, we 
have a sufficiently good group of samples to render us nearly 
independent of weights. -When this is the case we can say with 
safety that the number required lies in the neighbourhood of the 
group given by the various systems of weights, and choose what 
appears the most logical system for the estimate we adopt. In 
the paper referred to, five different systems applied to only 
fourteen commodities give results for the increase of consump- 
tion all between 13-8 and 20-1 per cent. in the period 1873-96. 

The application of index-numbers to wage statistics does not 
involve any fresh principles. It is not permissible to ignore 
the change of weights in this case; for otherwise wage intex- 
we should not allow for the general tendency to  =u™*™ 
increase numbers where wages are rising. There is great 
liability to “‘ biassed ’’ errors in separate averages; for wages 
for overtime, specially high piece-wages, wages of large uncom- 
bined classes of low-skilled or badly paid workpeople, may often 
be omitted in wage records. These biassed errors, however, 
tend to disappear in comparison; and it may prove possible 
to construct a wage index-number of very fair precision.* 





* For a complete illustration of method and of the various factors 
involved, see “The Statistics of Wages in the United Kingdom. Part XIV.: 
Engineering and Shipbuilding,’’ Statistical Journal, March 1906, pp. 154 seq., 
especially pp. 166, 168 and 185. 


CHAPTER X. 
INTERPOLATION. 


SECTION 1.—GENERAL. 


IT is very often the case in practical statistics that we are 
not able to make serial estimates as frequent or descriptions 
Necessity of Of groups as detailed, as is necessary for their use 
interpolation. in further investigations. Thus the population is 
only counted once in ten years ; but we need to bring monthly 
and annual accounts—births, deaths, trade returns, etc.—into 
close relation to the existing number of people, and estimates 
for the budget and the yield of taxes must be based on the 
assumed number of taxpayers for the current year; it is 
therefore necessary to interpolate estimates for the number of 
the people in intercensal years. Again, interpolation is needed 
for the statement of the distribution of the population accord- 
ing to age, a tabulation which is necessary for actuarial work 
and for sociological purposes. The ages returned on the 
householder’s schedule are nominally correct to the year, but 
in practice they are known to be inaccurate, tending to group 
themselves in the neighbourhood of round numbers; but the 
returns for such age periods at 35-45 years are more correct, 
since the persons who return themselves as 40 years old are 
probably within 5 years of that age. The original returns 
are so erroneous that prior to 1911 they were not published, 
but the numbers were only given in the ten-yearly periods; 
from the numbers so given, it is necessary to estimate the 
numbers for the individual years. Again, the compilers of the 
wage census of 1886-91 enumerate the numbers earning wages 
“of r§s. and under 2os.,” ‘‘ of 20s. and under 25s.,”’ and so 
on, but not the numbers in shilling limits. In problems 
relating to wages we often need more detail; and when we are 
comparing these wages with a similar group in France, we 
must devise a scheme by which grades of 2 francs can be com- 
pared with grades of 5s., by a suitable system of interpolation. 
214 
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Such a necessity is very common when we wish to compare 
groups, which are similar but tabulated on diverse systems. 
Thus, two countries conduct their census at different dates. 
In one country the age groups are of fifteen years, in another 
of ten; in one, ‘‘ young persons” are those under 21; 
in another, those under 18. Occasional estimates seldom 
correspond in date; wage statistics are found for 1840, 1850, 
and 1892 in France, and for 1866, 1885, 1886, 1891, and 1906 
in England. Similar differences are found when we are com- 
paring county with county; and a discussion of the method of 
determining averages in such a case will illustrate some of the 
elementary problems of interpolation. 

Suppose that the figures printed in Roman type in the 
following table are accurate returns of the weekly _Etementary 
wages in three districts, and that we wish to find ample. 
the average change in the three together. 











Years. 1866. | 1870. | 187x 1875. | 1878. | «880. | 188x. 

s @|s dja @d{/a dia @js din 

District A 1§ O75 o1f4 6,18 0,18 0/17 6}17 90 
» 8B 10 om olip bar ola ojs0 6m 0 

>» C vassal ch fl areal less pace acest oe 

po Rs ee ee Eee I ee ee eer ee Sp ee —eemeeneeeee | commemEEReED | 

Average [77 6/75 ol75 o175 Sirs 8125 4\8 o'r8 off7 8117 2 











It is clear that there is something to be learnt about the 
general course of wages from the data, but the lessons are not 
obvious. The following figures, printed in the table in italics, 
are those which naturally suggest themselves. There is no 
sign in A of any change between 1862 and 1866, so we write 
15s. for 1864. Judging from B, the figure for 1870 is not 
likely to have been lower than that for 1864, so we write 75s. 
for Ain 1870. A is now complete; we notice that in A the 
first rise was complete by 1862, and assuming the same in B, 
we obtain 79s. for 1862. In C there is a rise between 1864 
and 1866, while in A there is no change from 1866 to 1870; 
B will correspond if we write 20s. in 1866. If we write for B, 
rgs. 6d. in 1871, 27s. in 1875, and 20s. 6d. in 1880, we shall 
have close correspondence with A from 1866 to 188z. Similar 
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reasons lead to the numbers interpolated for C. The un- 
weighted average can then be calculated year by year, which 
could not be done directly from the date. This average 
reflects all the changes in the original figures and gives no special 
predominance to any. It may be regarded as the most probable 
series that can be based on the given information. 
We will now notice the assumptions tacitly made in pro- 
ceeding by this method. First, it has been assumed that 
Assumptions there are no sudden jumps, that such a figure as 
mat: 20s. for A 1864 is inadmissible ; this is only justifi- 
able if we are acquainted with the general causes which influence 
the rate of wages, and know that there was no violent disturb- 
ance in the intermediate dates. We could not make this 
assumption as to wages in the cotton trade in the time of the 
American Civil Wars, nor can we make it over a long series 
of years. Secondly, it has been assumed that in the absence 
of evidence to the contrary the rise or fall has been uniform. 
Thus, in B 1878-81, the wage in 1880 is assumed to be inter- 
mediate between 1878 and 1881; if there had been no indica- 
tion from A that it was half-way between in point of wages, 
it might have been said that in point of time it was two-thirds 
of the way, and 2os. 8d. should be interpolated for 1879 and 
20s. 4d. for 1880, if it was worth while to depart from round 
numbers. Thirdly, it has been assumed that the course of 
wages in the three districts was similar. Thus in A there is 
a rise from 1860-62, but there is no further improvement at 
any rate before 1866; it is consequently assumed that the rise 
registered in B and C before 1864 actually took place before 
1862. Again, when considering the period 1870-75, we notice 
that in A there is a fall till 1871, and a sharp rise to 1875, and 
no change to 1878 ; in B, therefore, it is assumed that the wage 
of 1875 is equal to that of 1878, and the fall in 1878 may be 
allowed because it increases the sharpness of the rise in 1871-75. 
In C it is doubtful whether the 12s. in 1871 should not rather 
be 11s. 6d. The reasons against are that a gain on a low wage 
is often not so easily lost as a gain on a high one; 6d. is a 
larger drop proportionately on 12s. than on 15s. ; that the rise 
of 3s. 6d. which would then be shown 1871-75 is a larger 
proportionate rise than in either A or B; and that the exist- 
ence of the fall in 1870-71 depends only on the evidence of a 
fall between 1866-71. When the figures are few in number, 
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it is necessary to examine them in this way to pick out the 
mosf probable; and it is often fairly easy to fill in the figures 
which satisfy all the existing evidence fairly closely. 

The question at once arises, What certainty have we that 
these quantities, by hypothesis unknown, are in reality any- 
where near the figures which on the face are most probable? 

In some cases of interpolation, dealt with presently, the 
answer can be given as a statement of mathematical proba- 
bility, such as: it is 2 to I against a divergence 
of 6d. from the assigned figure, 30 to I against 
one of Is., 1000 to x against one of 2s. 6d., and so on; but 
in the figures most often cropping up in investigations it is 
not possible to assign such a precise probability. There is 
one rough but useful way of testing the accuracy of such 
interpolation as in the case before us which can be explained 
by an example. Test how far we can throw out our calculated 
average for 1870, without violently infringing the common- 
sense of the question. Make A and C as large as possible in 
these dates; we may perhaps suppose a rise of rs. above 1866, 
seeing that there is one in B between 1864 and 1870. Wecan 
hardly suppose either that 1870 is as high as 1875-78, or that 
there is a great drop of as much as 2s. in the single year, if we 
are acquainted with the causes that determine the wages at 
those dates. Let the highest wage we can assign to A and C 
be 16s. 6d. and 13s. 6d. respectively. Our average is then 
16s. 8d. instead of 15s. 8d. Similarly, we might perhaps think 
that 14s. and 11s. were the lowest possible in A and C in 1870; 
then the average would be 15s. Assuming that we know enough 
about the general trend of events at these dates to assign limits 
in this way, we can say it appears improbable that the average 
wage in 1870 was less than 15s. or more than 16s. 8d., and that 
the evidence points to 15s. 8d. 

The accuracy of our interpolation then depends—(1) On 
knowledge of the possible fluctuations of the figures, to be 
obtained by a general inspection of the fluctuations at dates 
for which they are given; (2) on knowledge of the course of 
the events with which the figures are connected. 

A second example of a similar kind * may be america! 
given to illustrate the numerical calculation. example. 

s « ‘ . PY ae 
Decne 898, by 5 any bis eee nn oa eoe a eermes 


Tests. 
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Northern Counties. . Weekly Agricultural Wages in 


ae age 
Cheshire - - + + += S37 Ff 13 6 
Lancashire - . > ° 5 Oo 15 0 
West Riding of Yorkshire - + 14 6 16 5 
Fast oo Zs - - 14 6 gin 
North _,, - ° - 14 6 15 4 
Durham - > - - 16 6 16 Oo 
Northumberland - . - 16 6 16 7 
Cumberland ° - - 14 ¢ 14 9 
Westmoreland -— - 15 7 16 1 


Roman figures given. Italic figures interpolated. 


The averages of the wages in the five districts for which 
data exist in both periods are 15s. 4:8d. in 1867-69 and I5s. 
10°4d. in 1869-70, that is in the ratio 33 : 34. If we assume that 
the wages in the other counties have been influenced by similar 
causes and increased in the same ratio, we obtain the figures 
interpolated in the table. The unweighted averages for the 
northern counties are now 14s. 11d. and I5s. 5d. in the two 
periods, instead of 15s. 3d. and 15s. 5d., the averages of the 
given numbers. For general comparison all over England 
between these two years we should have been obliged to 
neglect the missing counties in both years, which would have 
unfairly lowered the general average, since these counties have 
in recent times had wages above the English average though 
below that of the northern district. At the same time we 
should have unfairly raised the apparent average of the northern 
district. We should also have lost the probable figures for the 
special counties at the earlier date which are on a fairly safe 
basis; for the wages in these counties of the Northern District 
remain in nearly the same order through the last fifty years. 
At the same time it is easily seen that these wages are not so 
accurately known as those not interpolated, and it is well to 
notice in arguments based on such figures, to what extent the 
interpolated figures are involved. 

A process very similar to that just employed is used in 
giving marks at school to students who are absent from a 
lesson; attention is paid both to the particular student’s 
general place in the class order, and to the average value of the 
marks obtained by the rest of the class in the lesson missed. 

Though the method be fairly complete it is very important 
to notice that interpolated figures rest on quite a different class 
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of evidence to those which are the result of direct evidence. 
In some cases they may represent quantities 

which have no existence (as in the case of school dnnnishine 
marks) and which are only used for convenience of is*#rpolsted 
calculation. In others they are simply figures 

adopted as those which in default of definite knowledge appear 
most probable. They must always be clearly indicated as inter- 
polations; it is always well to state the method by which they 
are obtained, and any subsidiary information which may be 
regarded as direct evidence of their accuracy, and if practicable 
they may be given not as exact, but as lying between certain 
limits; thus the interpolated figures for Cheshire might be 
written 72s. 6d. to 13s. 6d., instead of 73s. 7d. 

Several different cases are met with in interpolation, some 
of which are treated algebraically in the next section, while 
others can be illustrated at once by numerical examples. 

THE GRAPHIC METHOD.—If we know the values of quan- 
tities at isolated positions, such as the numbers of the popula- 
tion at the ages 25 to 35, 35 to 45, etc.; the — Geaphic 
population in 1871, 1881, 1891, etc.; wages in ‘™th™ 
1860, 1866, 1870, etc.; the numbers whose wages are from 
15s. to 20S., 20s. to 25s., etc., we may represent the facts by 
such a diagram as— 


Quantities. 
| 
{ 


Years 1860 =. 1865 1870 1875 1880 1885 


Suppose that we need the value of the quantity in 1875. 
If we were only given the two points C and D, the simplest 
hypothesis, and the one to be made in the absence of any 
evidence to the contrary, is that the quantity increased 
uniformly between c and D; representing such an increase 
by the straight line c D, the height of the point x will represent 
the quantity in 1875. 
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If the point E is also given, the hypothesis represented by 
the straight lines C D, D E will not stand, for it assumes a 
sudden break in the regularity at the point D in 1877, for which 
there is no evidence. We must take into account all the 
points given, and through them all a line must be drawn whose 
curvature is as smooth as possible, for in the absence of evidence 
to the contrary, sudden changes in the quantities may be 
assumed not to exist. Such a curve can be constructed on 
mathematical principles, or may be drawn freehand; if the 
latter, it will often be quite as near the facts as the arguments 
will allow us to go. 

This method only applies to continuous quantities, such as 
numbers at different ages, population at different dates, earners 
at different wages in a very large group of wages. Thus for all 
England the average wage must change gradually, but the 
wage of the London builders changed suddenly as the result of 
strikes and arrangements at certain dates. In this case we 
must draw the figure to correspond as closely as possible to 
the evidence, such as— 





ee me Bn piel a eR NER ge ee EE ne RT EP mt en ee 





where A B represents a sudden rise; BC a gradually accelerated 
increase due to improving trade, C D a slow falling off from 
the wage reached at Cc, and D E a determined and successful 
effort to recover the lost ground. 

PERIODIC FIGURES.—If we know the annual averages of 
figures which have a yearly period and a sufficient number of 
monthly averages to estimate the periodic fluctuations by the 
method described on pp. 160 seqg., we can interpolate figures for 
any month for which the returns are incomplete with fair 
accuracy. Thus if we are dealing with the numbers of 
unemployed as given in the Labour Gazette, we find a periodicity 
which is not very strongly marked in all the months, but there 
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is in general a fall in the spring and a rise in the late autumn, 
and June is generally the minimum month. We can then 
make use of the small diagrams on pp. 165-6, and, having marked 
in all the information we have, draw the waves on the rising, 
stationary, or descending line of averages, so that the fluctu- 
ating lines shall pass through all the given points. We can 
obtain an idea of the accuracy of the resulting figures by notic- 
ing the general characteristics of the given figures; we find 
that the percentage unemployed has never changed more than 
two units in one month, that there are no fluctuations which 
have lasted less than three or four months, and that the 
percentages have never been below 1 or above ro. Finally, 
we can look at the trade history of particular dates, and in 
the light we thus obtain reject any improbable figures. 

USE OF SUBSIDIARY CuRVES.—If we are able, by the 
methods described in Chapter VII, p. 158 or p. 174, to 
find a close connection between two series, we can use the 
more complete of them to assist the interpolation of any missing 
figures in the other. We must first investigate carefully the 
closeness and nature of correspondence at the dates for which 
we have complete figures in both series. Then we can draw 
diagrams, similar to those facing p. 155, one of the lines being 
incomplete. Then completing the broken line, so as to bring 
it into as close resemblance with the completed line as the 
given points allow, we shall obtain the most probable values 
for the missing figures. The accuracy of the result can be 
tested as in the previous case. This method may reasonably 
be used in interpolating figures for the yield from one source of 
revenue by means of the yield from another; for the value of 
exports from that ofimports ; for the marriage rate from foreign 
trade; for the wages in one district from those in another; 
for the number of unemployed from the changes in consumption 
of foods; for changes in parts of the population, when we know 
the changes in the whole, and for many other series. 


SECTION 2.—ALGEBRAIC TREATMENT. 


The problem of interpolation to which most attention has 
been given may be stated as follows :—When one quantity is 
subject to continuous regular change, and a second quantity 
changes in connection with it, and we know or can estimate 
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directly only some discontinuous values of this second quantity, 
it is required to find the probable values of the second quantity 
which correspond to given values of the first: for instance, 
given the expectation of life at the ages 15, 20, 25, etc., it is 
required to find it for intermediate ages; given the popula- 
tion of the country in 1871, 1881, 1891, Igor, find it at inter- 
mediate dates. The only permissible assumptions are that 
the quantity changes continuously, that is with no break 
at any figure, and that the rate of change of the quantity 1s also 
continuous, that is that the line representing its value is not 
angular, but smooth. The problem can only be attacked 
systematically by the use of the algebraic method of finite 
differences, and it is necessary to begin with definitions of 
notation and to obtain certain fundamental formule. 

1. Let y be a continuous function of x, and let y., V1, yg... 
be the values of y when x = %,, X, X, . 

Arrange a table thus— 


Values Values First Second Third 
of x. of y. Differences. Differences. Differences. 
%o Ve 
Al 
ad | V1 4.* 
xs Vs 4} 
4," 4,’ 
*3 y's 4; 
A; , A,’ 


*e 3a : 4,’ 


Here each A 1s obtained by subtracting the entry just higher 
than it in the previous column from that just lower than it; e.g., 
Ao! = 91 — yo, Ay! = yg — yy, . . . Ao? = A} — Aol, .. . Ae mm A,® 
—Ao*... The table may be supposed to continue indefinitely 
downwards and to the right. 

We have at once— 

Ao? = Ay}— Ao! = (¥g—¥) — (1 — Yo) =Vg— 21. + Yo 

As? = Yu44—2y,42+)2, where ¢ is any integer, 

Ae? = (¥g—23-+91)— (Ya— 21 + Ye) =Va—3V2 + 31 — Yo 

AP = V54t—3Vatt + 3V14t—M 
and generally, by an induction similar to that commonly used 
in the proof of the Binomial Theorem and involving the same 
coefiicients— 


Ae’ ==Vr—7 . yy to) t) Jey Sy + ‘<e.9 


to T+ terms °° 0© @e7 « » (a) 
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~1) 


and Af =Yr4t—7 . Yr4ta-t pees 2 ‘teat - . to r-+r1 terms, (8) 


where r is any integer. 

We have also— 
Yy=YotAc}and yo=y,+Ay)= (yo Ao?)+ (Ao? Ao?) =Vo-+ 201+ Ad, 
and similarly A,}=A,!+ Aj? 
and A,t=A,!+A,?= (Ao? Act) + (Ao®-+- Ao?) = Ao!-+-2Ao?-+ Ac’, 

os Vg= Yat Ag =Yo+- 3401+ 3A0?-+-A,8, 

and similarly | A,!=Ao!-+-3A,?-++-3A,°-+ Aof, 

Continuing this process we again have the Binomial Coefficients, 
so that— 4 


Vr=Vo+r. Ao 14 re od, oft . e to r+1 terms ° « * e@ (y) 
Art= Ag-Lr apna +24... ,tortiterms .. (8) 
and starting further down the scale— 


Vers=Ve-+7 . arp D ary cee tor+I terms, ..« » (e) 


where s is any integer. 
For example, let y= x‘, and let the values of x be 0, h, 2h, 3h . 


Values of x Values of y, Differences. 
First. Second. Third. Fourth. Fifth. 
0 ) 
ht 
h fe ‘ 
15h sa 36h 
2h 16h soh* 24h 
65h 60h! 
3h 81hé ‘a r10h4 24h 
175 84h! 
4h 256h* , 194h* : 24h 
3690h 108A 
5h 625k 3o2h* 
671h* 
6h 1296h! 


Formula (a) gives Act = (256 —4 x 81 +6 X 16—4 x 1+ 0)h! 
= 24h‘, where x is taken as 4. 
Formula (8) gives A,° = (74—5 x 64+ 10 xX 54— 10 xX 44 
5 x 34— 2*)h* = o, where 7 = 5, ¢ = 2, 
Formula (y) gives (5h)* = (0+ 5 + 10 X 14+ 10 X 36+5 x 24 
+ o)h* = 625h‘, where r = 5, 
Formula (8) gives A,® = (36+ 2 x 24 + o)h* = 84h4, 
where 7 = 2, ¢ = 3, 
and— 

Formula («) gives (54)4 = (16 + 3 x 65 +3 X 110 + 84)hé 

= 625h", where 7 = 3, 5 == 2, 
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2. If the relation between y and ~ is of the form 
Y Ay + AX + Agx® + 21. + ayX®, 
and the values of x arein Arithmetic Progression, viz. %, %, + h, 
.. + % + (nm — x)h, then it can be shown that A," = a,.h"n, 
and that there are no higher differences. 


For esata pAnchnss oe « fan{ (xo-+h)*— xo} 
=ha,t+ . an{nhxo"—1-+-lower powers of %o}, 
A,t=ha,+ . | alah f lowe powers of %0-+-h} 
Ast=2htay+ . . +an{n(n—1)h2x0"-*+-lower powers of %o}. 


Thus A,1, Ao? contain no higher powers than xo*-! and %*-4 
respectively. 
Continuing this process— 
A*=aan(n—I)... 3.2. TA*=anh*n!l . . 2. 2 © (CL) 
and A,*+! and higher differences disappear. 
In the example above where— 


y=x', an=I, n= 4, Af=1.h*. 4! =24h*, and Ab=o. 


Conversely if we assume that there is no difference above 
the x, it is shown in the following note that the equation 
between y and x is of the form y = a, + a,x + 2. . + ay %*. 


Note.—The relation between Differences and Derived Functions (or Differ- 
ential Coefficients) is very important in the theory of the former, and can be 
exhibited concisely by the method of operators. 

Using the usual sabes of the calculus, we have by Taylor’s Theorem— 


f(*4+-h) =f (x) +f (*) +5 hf (z)+ ... =eD. {(x), where D stands for the 


operation of differentiation, and e*” is to be expanded into 1-++4D a ped +. 


and then applied term by term to td The use of D as an sigebraic snbaie is 
ab (s))= Delia), of the ve releonuee {D/(z)}=D#/(x), DY¥D*/(x)}=D=+a/(x), 
aD (f(x af(x)) 
ow Af(x) =/ Mere th hy fx) = == (4D —1) f(x). 
A{af(x)}=a4/(*), Atafa)}= ails), A™(a"/(x))=amts/(x), and a can be 
ased as an algebraic sy 
Heace. A=eD —1 


Ar (AD —1)8= (AD tSMD + . . .\sbeDa(r-+4hD + ghtD* + ...)* 
meer aD + OOLD apey Do. eae & &. O 
and AD=Jog (1+ +4) 
iDeilog (1+4)}*= oc . .)* 
m= "(1 — aa a 1) 
Das if f(*) =ao+G,%+ 2... +an%", D8f(x)=a,. 081, and D*t!/(xs) 0 
~ ari(s) irae, and A*+1/(s) acheDe+1(14 ,,.)f(x) =o from equation (i) 


as in the 
Conversely if A*t!/(x)=0=A*+#/(x)= ..., then from (ii) De+?/(s) 
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wo, D*f (x) == CONSt =af,_, D*~1f(x) act +Cy_y, D*~3f(x) ae $n¥? + Ca¥ + Cn-s, 
and t() = eqs*+ tae FO Ce 
Hence if the mtb difference is constant, the function is rational, integral, 
and of the nm degree. 
Newton’s interpolation formula, discussed below («), can quickly be obtained 
by the use of operators; thus— 
yal eoth) =zekD f(x) = AM +ali(e), since e)D==:1 +A, 
=H) +p Allee) +5 - G(g—t) Aa) + ++ 
=p a+, sia mT -.., where #=%,-+h. 
When the n‘* difference (or the n derived function) is 
zero, formula # shows that 
n(n — I) 


= he ea Sree 
Va+e Va-14t + 1X2 











Ya-24t se > CM= » » « (y) 


for all values of ¢. 

3. The common formula of interpolation depends on the 
assumption that a continuous function, y = f(x), can represent 
the observations in the neighbourhood of the positions for which 
values are to be found. 

It is assumed that the function can be expanded in powers 
of x, as is generally the case with continuous functions,* we 
may write— 

V=Aota,X+agx2-+ ... +anx™®, . 2. 2 - 6 « (8) 
where n, the index of the highest power of x, is still to be decided. 
By proper choice of ao, a, . . . da this equation can be satisfied 
by any (#-+-1) pairs of values of (x and y). Thus for the straight 
line y==@o+-a,x, two points (or pairs of values) can be chosen, for 
the parabola y=a,+4,x-+-a,%? three points, and so on. 


The simplest form is y = a, + a,x, and the use of this 
assumes that interpolation by proportional parts (the method 
generally employed in using logarithmic, trigonometric and 
other mathematical tables) is sufficiently accurate. In this 
case the first difference and the first derived function (or 
gradient) are constant. 

The parabola takes account of three values, and its use 
assumes a uniform change of gradient, the second difference 
and the second derived function being constant. 

The introduction of further terms allows for variation of 





* More exactly for functions which are continuous, and whose derived 
functions of all orders are continuous, and not infinite, at the values of x in 
question. 

Qg* 
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higher differences, and the closing the expansion at the n® 
term corresponds to constancy of the »™ difference. 

If the problem is to interpolate in a known mathematical 
function we can test how far the neglect of the variation in 
the n difference can affect the calculation. Thus in the 
7-figure logarithm table we have— 


Number. Logarithm. Differences, 
First. Second. Third. Fourth. Fifth. 
20 1. 3010300 
2% 1. 3222193 pales —.0009859 o ¥6 
2 ; 7080 —.000898 00008 au 
i ;seinsse +0193051 mt pookeiy +.0000766 ie it ae +.0000015 
24 1.380213 Sanh —.0007546 +.0000671 Bapen ee +.000001 5 
2 1. 00 1017728 pan +.0000591 MiganEty +.0000016 
a -0170333 ‘0009955 = ++ .000057 . 4 
414973 40163905 —.0006428 
a7 2.431363 


Here the successive differences diminish regularly and the 
sixth difference is not greater than -ooo000I. 

In applications to statistics we do not in general know 
the function and we have to assume that it exists and can be 
expanded in a series whose convergence is sufficiently rapid 
to allow us to neglect all terms after, say, the fifth, or, put 
less accurately, we assume that the causes which produce the 
totals have effects which change gradually from point to 
point, so that the variation of these changes is but slight over 
a small region. 

4. Let Vo, ¥; » - « Yn be the values of y which correspond to 
equally spaced values of x, ViZ. %0,% +h, % + 2h... x +mh. 
Then the coefficients in equation (@) can be determined, but 
the arithmetic work is very arduous, and a more useful form 
is obtained in terms of differences. 


Consider the equation— 


x— “Xe a z—h—5 aoe X—Xo—h 














y=Yot+——Ael+ det+ 2h 
sca SHES 
ap ee ...ton+rterms . . . (kx) 
(Newton’s formula) 


If x= Xo, Y= Yo. 
If x=x0-+h, y= yo+tAc!=4. 
If x=%0+2h, y=yo+2Ao!-+Actany,, ' 


Li amaetrh, yayetr. dot —Uass to 7p terms, the 
subsequent terms vanishing, and therefore by equation (y), y==ye. 
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Hence (x), which is easily seen to be of the n degree, 1s 
satisfied by the pairs of values in question. 
E.g., to find y=log 20°5 from the table above. 
Kom 20, A=I, X=X0+'5, Yor=I°3010300, Ao!='0211893, etc. 
y=1'3010300-+'5 of ‘0211893 +4 (5)(—"5)(—"0009859) +4 ('5)(—"5) 
(—1°5) of -0000876+74;('5) (—"5)(—1°5) (—2°5) (— 000010) 
+r30(‘5)(—"5)(—1°5)(—2°5) (—3°5) of *oooo0r5. 
Using the first two terms, we have y=1°3116247. 


” » three _,, 5 1°3117479. 
3 » four ,, - 1.3117534. 
is »' five ‘3 1°3117538. 
,, all terms sr as 1°3117538. 


The true value is 1°3117539. 


Applications to statistical data are given below, p. 233. 

5. Conversely, if we know y, we have an equation for x, 
which can be solved by Horner’s method or otherwise. 

Thus to determine the median using four observations we 
may proceed as follows, Let there be y, 1, Ye, ¥3 persons 
whose wages are less than x, x. +h, %. + 2h, x, + 3h units 
respectively, and let there be (2¥m— 1) persons all together, 
so that the value of x, xm, corresponding to , is the median. 











Then y= yo ; * hota 8 ; ae tote 
Xtm— Ko Xm—Xo—h eA, 
h 2h 


a cubic equation to determine xm. 


We are free, of course, to take x, as the beginning of any 
grade we please, and it should be so chosen that the median 
is in the central grade included in the interpolation. Thus if 
we use the cubic equation just written the grade x, + h& to 
% + 2h should be that containing the median. 

The formula on p. 107 (2) is obtained by neglecting the 2™4 
and higher differences, and taking the inte x, tox +h to 


include the median. Then ym = y, a ty. —y,), and 





therefore— 


nto ye wh 
Vi—Yo 


To find the mode we again take y as the cumulative number 
Q 2° 
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up to the value x. It is found that it is simplest and generally 
sufficient to depend on four observations, such that the mode 
is between the second and the third. We then use the first 
four terms of equation (x) and find for what value of x the 
curve is steepest and therefore the number of cases per unit 
of the abscissa is greatest. D,y is to be a maximum, and 
therefore D,*y zero. 

X—KXo—h 


Ae. 





o= Dety=pghot+ 


- _ Abo? _ (tga —t,)h 
Hence x=Xo+h Ag? =Xoth+ (iear nea sar 


where #,, us, 4s are written for y,—Yo, ¥o—Vy, Vs—Vg and are the 
number of cases between %» and %o-+h, xe-+h and %+2h, and 
Xe+2h and xo+3h respectively. If the mode is in the second 
grade ug>, and “,>3. The formula shows how the interval 
xot+h to x0+2h is to be divided to obtain the position of the 
mode (see p. 100). 

Here the fourth differences of the y’s, that is the third differences 
of the «’s, are neglected. 


6. Central Differences.—In interpolation we generally have 
to depend on those values of y with regard to which the region 
where we wish to ascertain values is centrally situated, and 
formula (@) is in some respects awkward for that purpose. 
Equivalent formule, which avoid the want of symmetry, have 
been devised, in which so-called ‘‘ central differences ’’ are used. 
No new principle is involved, for these formule are obtain- 
able by transformation from (6). The differences hitherto 
used may be distinguished as ‘‘ ascending differences.” 

A suitable notation is as follows :— 


Keg=Xo—-2h og 


6-4 
-,;=Xo—h = 6? 
X= Xoth ¥ 35 53, BS ~ a‘ 
X_=Xo+2h Ve PY 6, * 
=Xo+ 3h Ys 
Here 8=y,—Yyo; 5%=543—85- j= y,—2yo+y-1; So=ys—4y,+bye 
—4V-y+Y-y, etc. 


Let the value of x for which a value of y is to be found divide 
the interval x to x, in the ratio p:g, so that x=x.+ph=x,—gh 
and #+g=1. 
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Then it will be found by substitution that the formula—~ 


Y=PY, + Do—FPq{ (P+1)5% + (9+ 1)80%} 
+-rhofa(b-+1) (9+1) (D+2)8,+(g+2)d6}, . . - (A) 

which (by writing g=1—f) is seen to be a rational integral function 
of the 5'> degree in #, and similarly in q, is satisfied by the six 
pairs of values (x-~». y-».) (¥-1 ¥-1) . - » (%3 3); while, if the term 
involving the 4* differences is omitted, the four pairs (x-, y) 

. (%g 2) satisfy it. 

As an illustration of the notation we may write y, = log 23 
in the table on p. 226, and taking p = +2 calculate log 22-2. 


Log 22°2==2 log 23+°8 log 22 
—Ptx-2 of (—-0008217)-+1'8 of (—"0008983)} 


4 TOXTEX Tee of (—:000095)-+2°8 of (—’oooorro)} 
= 1'3462837-+-0000694—*0000002= 1°3463529. 
The true value is 1°3463530. 


The importance of the formula is, however, more apparent 
when we have no general algebraic function, but wish to 
interpolate from neighbouring values only. 


4. Lagrange’s Formiula.—The formule () (n) (6) (x) and (A) 
all relate to the case where the observed values of x are equi- 
distant each from the next. There is no such simple method 
of interpolation where the distances are not equal. An equation 
is given by Lagrange which is of the n‘* degree and satisfied 
the » +1 pairs of values (xo y,), (¥; V3) . . . (%s 4's) what- 
ever the relation between the x’s may be, and it may be written 
as follows :— 





(x—x,)(x—x) . (%—%n) (%—%X0)(x—%_) .. . (x—2xn) 
Y=Vocx— a.) (tend) vo 2 Bonta) tHe) pH) vo phe) 


Pig a-thgpg Weeee) an) eee a, (x) 


(xn— xo) (xxn—2%,) eee (%n—Xn-1) 
The numerator in any fraction, say the multiplier of », is 
obtained by multiplying the factors (x —x,) (x—2)... 
(x — %,) omitting x — x,; the denominator is obtained from 
the numerator by writing x, for x. 
It is evident that when x = x, every fraction is zero except 
the multiplier of y,, which is unity, and therefore y = y,. 
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8. We may now reconsider the assumptions made when we 
took equation (6) to express the relation between y and x. 

If y and x are connected by any functional law, that is if 
y is determinate for all given values of x, without which assump- 
tion most problems of interpolation are meaningless, then y 
can be expressed as a function of x, say y= f(x). If the 
function and its derivatives are continuous then by Maclaurin’s 
Theorem— 


y=/(0)+f%(0)+ 5 F(0)+ 5 f(0)+ . . . continued indefinitely. 


If f*+!(0) and following coefficients are very small, and x 
is never large, the terms from the » + 2" onwards become 
negligible in comparison with earlier terms, so that the first 
” + 1 terms determine the value of y approximately. Now 
by the equations (i) and (ii), p. 224, f*t? is small when A**, 
A*t?, . .. are small, and vice versa. Hence we have the 
following general statement : any functional relation between 
y and x reduces to the parabolic equation of the n® degree (6), 
if the differences of orders higher than the n vanish, and 
if these differences do not vanish but are small, equation (6) 
is still an approximate expression for the relation. 

Now if the line drawn through the given points is to have 
continuous and slowly changing curvature, it is easily verified 
that the second differences for points near together are not 
large, for a rapid change in the rate of increase of the ordinate 
means a rapid change of curvature; and if we construct a 
second curve with the same abscissz and the first differences 
as ordinates, small third differences will indicate absence of 
rapid change in the first, and so on; but beyond this point 
it is not easy to see the connection between the hypothesis 
underlying interpolation and the diminution of successive 
differences. The converse, however, is clearer; if in any 
series of figures it is found experimentally that the successive 
differences tend to disappear, then any curve which passes 
through the points is expressed approximately by the para- 
bolic equation. De Morgan states this conclusion thus :— 
“‘ If we take n points near each other, and having their abscisse 
in arithmetic progression, with a small or at least not very 
large common difference, and their ordinates not very unequal 
. . . the parabola of the n — 1 order will very nearly coincide 
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with any regular curve of the same general appearance, at 
least between the same points.” Boole’s explanation is :— 
‘It is customary to assume for the general expression of the 
values under consideration a rational and integral function 
of x, and to determine the constants by the given conditions. 
This assumption rests upon the supposition (a supposition, 
however, actually verified in the case of all tabulated functions*) 
that the successive orders of differences rapidly diminish.” 

Since, from equation (i), p. 224, when / is small, the in- 
fluences of the successive differences for any curve are smaller 
as their ordet becomes higher, it is a legitimate process to 
build up a series of values of any function on the hypothesis 
that the higher differences vanish. 

If a freehand curve is drawn so as to pass through the 
chosen fixed points, and to have curvature which changes as 
slowly as possible, a line will be obtained which lies very near 
that given by equation (8). Such a line would be similar to 
the track of a bicyclist who was riding so as to pass over several 
marks, or just to avoid several obstacles. 

g. It is clear from the above analysis that we can make a 
smooth continuous curve pass through any number of points 
we please; for with the parabolic equation (0) there are never 
any sudden jumps in the values of y, 2 or a as x changes 
continuously; and we can obtain as many linear equations 
(which have always real values) as there are constants, simply by 
taking 7 in the original equation to be the number of fixed points. 

If we have, let us say, Io points, as— 


£ a 
* That is mathematical functions such as | - dx, not statistical 
approximations. 
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and wish to find a point on a fixed vertical line between F and 
G, we can either take only F and G into consideration, and, 
joining them by a straight line, obtain the point x,; or con- 
sidering E, F, and G, or F, G, and H, draw parabolas and obtain 
%_ OF X3; or considering E, F, G, and H, draw a parabola of the 
third order, which would have a point of inflexion near F; 
this would be approximately the path a bicyclist might follow 
if he had to start from E, and ride to a near point H, passing 
close to F and G. If we now include D and X (if our bicyclist 
has to start from D, pass E, F, G, and H, and reach kK) we shall 
modify the curvature throughout; and as we include more 
and more points shall continue to affect slightly the path F G. 
If the inclusion of the nearer points tends to make the line F G 
approximate more and more closely to a final position, while 
the further inclusion of the more distant points throws it 
further away, we may conclude that the positions of these 
further points are not governed by the same numerical con- 
ditions as the nearer one. Thus in a “table of survivals ”’ 
the figures for ages under 5 years are not distributed in 
accordance with the curve determined by the figures for higher 
ages; in a table showing wages, it may be seen that those cf 
highly paid workmen are not governed by the same causes as 
those lower in the scale. On the other hand, the number in 
each census is dependent on all the previous numbers for more 
than one generation. In interpolating for the population of 
1876 we shall obtain different figures according as we include 
1851, 61, ’71, ’8r, ‘91 only, or Igor as well; and this is not 
surprising, for a mistake made in 1876 may not come to light 
till we have watched the growth of the population for twenty- 
five years. It is clear that the points far from the period in 
which the interpolation is to be done cannot be allowed so 
much influence as those nearer, and it appears experimentally 
that this condition is fulfilled in the method discussed; also, 
in series (x) the successive coefficients begin to diminish with 
the 7 term where x < x, + (27 — 3)h, that is with the co- 
efficient of the first difference when x is between x, and x, + h. 
It may be noticed that the wanderings of the curve are limited 
by the condition that a curve of the n — 1 order cannot have 
more than » — 3 points of inflexion, for 73 has no term of a 
higher degree than x*-*. 
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In the above illustration the intermediate points from F to 
G might be found from the five points D, E, F, G, H, or from 
E, F, G, H, K. These two curves may be welded together 
between F and G. The points near F are more accurately 
determined by the first, of which it is the middle; those near 
G by the second. The welding line should touch the first at 
F, the second at G. This is conveniently done by the use of 
the sine curve. This method is employed, I believe, at the 
Registrar-General’s office. 

It cannot be said that the present theory of statistical 
interpolation rests on an altogether satisfactory basis.* The 
principles which govern it are not well defined, and the 
mathematical analysis of the methods, by which the principles 
should be brought into relation with the facts, is incomplete. 
Yet it is perhaps unnecessary to labour after more refined 
methods, for interpolation cannot be precise unless we actually 
know the algebraic expression of the laws which govern the 
figures, and the method here discussed is found to satisfy the 
conditions empirically, while further refinements could only 
introduce slight modifications. 


10. Examples showing the Numerical Use of the Formula.— 
(rt) Given the number of wage-earners earning sums in 5s. 
groups, to estimate the number earning as much as 24s. and 
not so much as 25s. 










*Numbers 
per 1,000 
Wage- 
Earners 
(Adultmales)! rep, | 


DIFFERENCES. 
















% 15S. 39 257 
5 208.| 296 — 46 
e 2 3°93 a 144 ; 
Earning as much | & ass. 599 — 98 t 1§t 
° 205 Eo 
as 108. & 30s. 804 —9! 18 
° 114 - 85 
& 358 918 — 66 
=) 48 
D 40s. 


* General Report on Wages, (C-—-6889; year 1893). 


* This remark does not apply to the interpolation in evaluating mathe- 
matical functions. . is _ 
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Neglect the increasing differences arising from the number 
earning less than I5s. 
Using formula (x), %s=20 (shillings), h=5, yo==296, Ao'=303, 
Ao*==—98, Ae®=7, Act=18. 
At 25s., y==599, from above table. 
At 24s., x= 24, y=296-+5 of 303+ ; — of (—98)+ 
4 -1r —6 4 —I -—6 —II 
5° 10° er ar To’ ts ° go fT 
=296-+-242°4+7°84-+°224—°3168==546 (nearly). 
The required number is therefore 599—546=5I. 
Again at 23s., x=%0+3, y=489, and the number earning as 
much as 23s. and not so much as 24s. is 58. 


(2) To make an estimate for the value of imports in the 
year 1813, the records for which were destroyed by fire. 


Given value of imports in— 


1810 - - - £39,202,000 - - - Y;. 
Ir - - - 26,510,000 - - = Yz. 
1812 - - - 26,163,000 - - - Vg. 
1813 - - - sae - - = Ve 
1814 - - - 33755000 - - = 5. 
1815 - - - 32,987,000 - - - Ye 
1816 - - - 27,431,000 - - - Yq. 


From formule (yn), using y, and y, only, and assuming that 
2°4 differences vanish, 


Ve 2VetVe=9, Ve=29,959.- 
From formule (y), using y, and y, as well, and assuming that 
4 differences vanish, 


Yet Ve—4(Ys+¥s) +6%4=0, ¥4=30,029. 
From formule (»), using y, and y, as well, and assuming that 
6% differences vanish, 


Ya tV1—6O (Veto) +15 (Ye t+Yg)—20¥=0, Ye= 30,421. 


Here the first and second values are very near together, 
while the third differs; hence we adopt £30,000,000 as the 
value required. 

(3) In Mr. Booth’s Life and Labour of the People, e.g., 
Vol. V, p. 46, a series of very useful diagrams is given showing 
the age distribution of various classes. The figures he uses 
are as follows :— 
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Proportion Average at 
occupied per each year of 
10,000 of total age between 


AGES. aged 10-80, given limits. 
IO-I§ years = - - = 193°5 38°7 
15-20 , - - - = 880 176 
20-25, - - - - 933 186'6 
25-35 » Otte - - 1636 163°6 
35-45 » - =  ° = 201 120°! 
45-55 » - 7 - = 830 83 
5505 » - 7 7 = 434 43°4 
65-80 , - -*- - = 192°5 12°8 


His digerann is drawn from the last column, the numbers in 
which form the ordinates for the middle of the corresponding 
age periods. The points so obtained are joined by straight 
lines. This method is sufficiently accurate for his purpose, 
but it will afford an interesting example of interpolation if we 
obtain some of the figures for intermediate years more closely. 


Proportion — 

per 10,000 under 
AGE. #& years. 
I5=% - 7 2 2  & 193°5=54 
20=%, - - - - = 1073'5=2 
25=%, - - - - = 2006°5=¥,5 
35=% - - 7 - + 3642°5=Yq 
45=%5 - = = = = 4843°5=Ys 
55=%ye - = eet 56735 =e 
65=% - - - - = 6107°5=35 
80=%y - - <- = = 6300 =¥. 


Use Lagrange’s formula (u) to determine the number under 
30 years, ignoring persons over 55. Thus x = 30. 
a 10 . 5(—5)(—15)(—25) 
y=t93.9*—5)(—10)(—20)(—30)(— o) adits 
rey TD SITS TIN 25) 
77073'5* 5(—5)(=15)(—25)(—35) 
15 . 10(—5)(—15)(—25) 
10 . §(—10)(—20) (—30) 
+3642'5 x 
15 . 10. 5(—5)(—25) 
+4843'5 X 39 a5. 20. 10(—10) 


+5673'5 x-=-— 


-+2006'5 x - 


15 . 10 . 5(—15)(—25) 
20.15. 10(—10)(—20) 


1§ . 10. 5(—5)(—15) 
40 . 35 . 30. 20. I0 
== 2879. 
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Mr. Booth’s diagram gives 2824°5 for the same position, 
using ys + V4 only. 

If inthe formula the quantities y»9, V5, ¥,4,s only are used, 
y is found to be 2869. 

Lagrange’s formula as used above is equivalent to the 
assumption that the 6" differences vanish when the ages are 
uniformly graded. Write a, b, c for the values of y at 30, 40 
and 50 years. 

Using formula (8) or (y) for the values yy, Ve, V3, @, V4, 5, 
y, we have y, — 6y, + 1573 — 20a + I5y, — 6b + y, = 0, and 
similarly 

Ya—6y'9 + 154—20¥,+ 155—6y,+c=0 
and Vg—6a+15y,—200+ 15y,—6c+-ye=0. 


Whence by straightforward solution a = 2879 as above. 
This method, when applicable, is simpler than Lagrange’s 
formula. 

(4) As an example of the determination of the median 
and the mode, we will use the figures already employed on 
p. 69, which may be retabulated thus :— 


Earni 
less than x. y. Differences. 
$.25 —! o 
317 
re A 
1.75 2 3086 1297 — 327 ck 
970 —137 TIS 
2.25 3 4050 | 506 — 464 
2.75 4 4502 


The whole number of persons is 5123. To find the median 
put y=2562, and use the entries from x=o to x=4. 


Then 2562=317-+1472x—$ of 175x(x—1)—} of 152x(x—1) (x—2) 
+yz Of 15x(%—1)(x—2)(x—3), 

if we stop at the 4® difference. 

, 61488== 7608+ 36122% — 111x*— 698%°-+- 15x, and the solution 
by Homer’s method is x=1°5715. 

Hence the median is at $.75+1°5715 of ‘50=$1.536. 

Another method is to suppose x expressed as a function of y,* 
and to write Lagrange’s formula— 


— =) (¥—Ye) (Y¥=Is) 
=F oe~y)Oo-vr" + + + 


* Cf. Edgeworth in the Statistical Journal, 1898, p. 698. 
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If we use four entries only in the above table, we have~ 
_ (2562—1789) (2562-3086) (2562 — 4056) 
7 —1472 X —2769 X —3739 ane oy Ne os 
whence #=1°5624 and the median is $1.53r. 


This method is suitable for working on a calculating 
machine. 


To find the mode use the entries from x = — I to * = 2. 


The second and third differences in the formula of p. 228 
are now 1157 and — 1332. 





The required value is $.75 + ree of -50 = $1.18. 


Variations of method can be used, leading to slightly 
different results. The mode is, in fact, not precisely determinate 
when the grading is so wide and the higher differences do not 
tend to zero. 

This method is applicable to such problems as the deter- 
mination of the date at which the population, the marmiage, 
birth, and death rates, etc., increased most rapidly; at what 
age the chance of death increases most, etc.* 

1x. An important group of problems of interpolation arise 
when the original returns have to be corrected, e.g., the deter- 
mination of the distribution by age from the census returns. 

We have now the problem of drawing a smooth line in the 
neighbourhood of a great number of points, but not necessarily 
through any of them. The assumption is that the returns are 
insufficient in number or deficient in accuracy, and that they 
indicate a regular distribution which it is required to represent. 

(rt) One method is to assume that the averages over fairly 
large groups are accurate, and to these averages to apply any 
of the methods already discussed. 

(2) A second method has been used in the section in which 
various curves were smoothed (vide supra, Chapter VII). This 
may be restated as follows :—Take successive groups of 2, or 
3, or 4... . Io points, beginning again and again at the 
ordinates for each of the given abscissez. Find the centres of 
gravity of each group; that is, erect an ordinate equal to the 
average of the ordinates of a group at the point half-way 
between the ends of the abscissz of the outside ordinates of the 
group. Draw a line through the points so obtained. It will 


* Cf. Edgeworth, in Statistical Journal, 1899, p. 381, and the references 
there given. 
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be found that this line satisfies all the conditions laid down. An 
example of this method is given in the diagram facing p. 134. 
(3) In another method the original figures are smoothed 
till the differences of the fourth or fifth or higher orders vanish ; 
and then the ordinary formule of interpolation are applied. 
Thus in example I, on p. 233, rewrite the table thus :— 





Wages Smoothed ; 
above 158, Numbers. Corrected Differences. 








Ist. and. 3rd. 
» 258 | 59944 | 2os45 [7 IP 2TY, | g_ 3p 
» (30S. 804 +at+d 114-a—-5 es ad 25+2at 36 
» 355. 9 48 
3» «40S. 966 
If we put 6 = 24, a = — 16, the third differences vanish, 


and we have A,! = 287, A.? = — 79%, A.® = A,? =0; when 
= 25, y = 583, and when 

% = 24, y = 296 + § of 287 — a of (— 79%) = 531-97 
so that the number earning as much as 24s. and not so much as 
25s. is now found to be 51, instead of 52. 

The corrections may be applied to any of the original figures. 

We need to solve only one more equation to complete our 
table from 20s. to 30s. 

When * = 23, y= 296+ of 287+ 3% of 79%. The 
difference between this and the value of y, when x = 24, is 
4 of 287 — sy of 79% = 54:21. 

We have therefore the following table, where the figures 
in italics have already been calculated, while the others are 
added on the assumption that the third differences are zero. 


é 


oO 
Oo 
Oo 
o 
Oo 
oO 
Oo 
oO 
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If we had taken the second differences more exactly, we 
should have obtained 804 + a + 6 = 7904 for the last figure 
as in the previous table. 

This method of writing down many figures when the signifi- 
cant differences have been found can be very generally applied 
also in the cases where the data are exact. 

(4) Another method, involving higher mathematics, would 
be discussed more suitably after the section devoted to the 
law of error; a brief explanation with a useful formula may, 
however, be offered here. 

Suppose wd have five consecutive points (— 2, y-), 
[= I, y—1), (0, y), (1, 41), (2, Ye) given. 

A parabola of the fourth order could be drawn through these 
five points, but would have two points of inflexion. A great 
number of parabolas of the third order can be drawn near all 
the points, having no points of inflexion, and satisfying all the 
ordinary conditions of interpolation. 

Borrowing a principle from the method of least squares,* 
we assume that if the coefficients of the parabola 


y=a+bx+cx?+dx 
are chosen so as to make the quantity 
Z(a + bx + cx® + dxd — y)? 


(where the summation extends over the five years of values of 
x and y) a minimum, the parabola so determined will be the 
best for the purpose. 

For the necessary mathematical analysis, Professor Darwin's 
paper On Fallible Measures,t from which this method is taken, 
should be consulted. 

The following equation is obtained— ‘ 
a= ¥, — ss X Ao*, where Ao4 is the difference of the fourth 
order for the y's. 

Now replace the point (0, y) by the intersection of its 
ordinate with the parabola, that is by (0, a), where a has the 
value just given, that is, diminish y by the quantity . Ao‘. 

Repeat the same process for each point on the original line, 
taking it as the middle of a group of 5, and a smooth curve 
lying very near all the original points is obtained. 

Thus we may smooth line C in diagram facing p. 146. 


* See Part II, Appendix, Note ro. 
t See Phsl. Mag. and Journal, July 1877. 
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Imported 
ee Per head Differences. 
Population. 





Smoothed Figures. 






Ibs. 
1890 226 18 
18gI 244 eee 7) 







1892 245 2 7) | 16 245-+2% of 16==246} 
1893 248| 3] 5{ 2] 13 || 248—gy of 13=247 
1894 256) 45] 22 | ag | —94 || 256-+a5 of 94=264 
1895 285 { _ 32 { —57 56 134 || 285—-% of 1342634 
1896 257 ae a6 —16 |) 257-+4% of 162584 
1897 228 10 39 

1898 238 





The statistics of wheat consumption are inexact because 
of the variation of the stocks at the end of each year, of which 
no record was available. Hence it is reasonable to regard the 
numbers as subject to amendment and smooth off irregularities, 

(5) A more general problem of interpolation is to find an 
algebraic formula, other than the parabolic equation so far 
used, which expresses a whole series or group. A short intro- 
duction to such formula will be found in Part II, Chap. V, 
below. 

Note.—-Formula (a) is due to Professor Everett, who gave the general 


term and proof (Quarterly Journal of Pure and Applied Mathematics, No. 128, 
1g01, formula G). <A proof can be obtained as follows :— 


If f(x) ~cosh( 2g sinh-1), it is readily shown that f*+8(o) = (g?—4n*)/*(o), 
and thence by Maclaurin’s Theorem the expansion of /(x) is— 
I I I : 
Its tye este ee 2) (g?—2?7)x8+ 2... =cosh( 2g sinh-1*) 
After differentiating and dividing by gx we obtain— 
Sora I 2 ; ( ; *) 
= —1)s*-+—¢(gi—1*) (g?—2%)x4+ oS en -1* 
gt 3 alg —3) + 9 (gh—1*) (g'—2%) 44+ “ava sinh{ 2g sinh-*; 
.- Sinh(ghD) __, (AD 
= sinh(AD) ? where #=2 sinh(~) 
In the notation of p. 228, 8 =(hD—2-4+¢-WD)y, (ey —e-F) y, so that 
the operator §=2 sin re 
Y pr = ePAD and y,=eAD ; 
e7hD =, caGeatiy een ae meee (chD —¢- AD) 
= {enh GAD). ony ee 
e __ sinh (g sin 
since p+q=1, sinh (AD) * sinh (AD) °”* 
. , . sinh (ghD sinh(phD) 
ee Ynr= sinh(&D) Yot sinh (AD Dy Ys 
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x in the above series is identified as 8, and we have, using the series first 
as expressing operators on yp», and secondly (after p is written for g) as 
expressing operators on y,, 


Yn= Aor 9(F—1)BP + Hi4(g*—19)(g?— 27/86! 
+ a7 (q?— 1") (q?—2*) (q?—3°)30°+ « . 
+ bys 3 jPlPt—)8P+ Zp P14) (pt 22)! 
+Zplpt—19)(p2—24) (PY 37)+ . . -; 


that is formula (A) generalized. 


For further information on the subject of interpolation, the reader is 
referred to Dr. Farr’s Life Table (No. 3), 1864, Boole’s Finite Differences, 
Text-Book of Institute of Actuaries, Part II., p. 420 seg., Rice’s Theory and 
Practice of Interpolation, 1899, Merrifield On Quadratures and Interpolation 
(British Association Report, 1880), Chauvenet’s Spherical and Practical 
Astronomy (Chap. II.), Woolhouse in the Assurance Magazine (Vols. XI., 
XII.), Professor J. D. Everett On the Algebra of Difference Tables (Quarterly 
Journal of Mathematics, No. 124, 1900), On a Central-differvence Interpola- 
tion Formula (British Association Report, 1900), and in the Journal of the 
Institute of Actuaries, January 1901, and Dr. W. F. Sheppard’s Papers On 
Central Difference Formule (Proceedings of the London Mathematical Society, 
Vol. XXXI., Nos. 707-710), and On the Use of Auxiliary Curves in Statistics 
of Continuous Variation (Statistical Journal, September 1900). In these 
other references will be found. 


R® 


PART II. 


APPLICATIONS OF MATHEMATICS TO 
STATISTICS. 


PART II, 


APPLICATIONS OF MATHEMATICS TO 
; STATISTICS. 


CHAPTER I. 
INTRODUCTORY. FREQUENCY CURVES. 
Introductory. 


MATHEMATICAL processes are essential in very many parts 
of the statistical field, and in the first part of this book 
algebraic methods have been used for the generalisation of 
arithmetical results and for the simpler cases of interpolation. 
There are, however, many classes of problems which necessitate 
mathematical treatment of a rather special nature, and it is 
to the consideration of some of these that this second part is 
devoted. The whole field is too wide to cover, and selection 
has been made of those methods which are fundamental and 
of those problems which are of direct interest to students of 
political economy and allied sciences. Essentially the same 
methods are needed for statistical problems in medicine, 
biology and other sciences, and their use can be followed in 
the appropriate journals. Here it has seemed best to keep, 
as a general principle, to those questions which have arisen 
in connection with economic and social investigation, and to 
take examples mainly from this limited region. 

So far as the manifold and diverse applications can be 
classified, they fall into three groups: (1) the systematic 
description of groups, (2) the measurement of relationship 
between phenomena, (3) the measurement of the precision of 
results obtained by a process of sampling. The background 
of the great part of the relevant analysis is the theory of chance, 
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carried to a point which is reached only by the relatively small 
number of mathematicians who have specialised in that 
subject. Since it cannot be assumed that readers are familiar 
with any but the simpler cases of algebraic probability * and 
there are no familiar text-books in English to which reference 
can be made, it has been necessary to devote a good deal of 
space to purely mathematical treatment ; but an effort has 
been made to render the treatment intelligible to those who 
have had some mathematical training, but are not specialists 
in the subject. Thus where possible the proofs have been 
given without the use of the Infinitesimal Calculus; the 
results have been stated as clearly as possible in words and 
illustrated by arithmetical examples; the simplest cases have 
been dealt with first to elucidate the processes and results, 
while the more general treatment has been given in outline 
with reference to papers or journals where a complete analysis 
has been found. Non-mathematical readers are recommended 
to omit the parts printed in small type. In the Appendix 
are collected some theorems whose proofs are not elsewhere 
very easily accessible, and to it are relegated some parts of 
the analysis which are too unwieldy for the text. 


Frequency Groups and Curves. 


The remainder of this chapter is devoted to the systematic 
measurement of frequency groups. 





Let there be any group of measurements such that, an axis Ox 
being taken on which a scale is marked, y, instances are found to 
have the measurement x,, y, the measurement %,, and so on; then 
the group can be represented as in the diagram, where OM, = 4,, 
M,P,; = y,, etc. 


* For elementary treatment, see Whitworth’s Choice and Chance. 
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It is not necessary that the grades M,M,,. M,M,... should 
be equal. 
Let # be the whole number in the group, so that 


N=VWtyet.-- 
Then the “frequencies ” of observations at %,, %3, etc., are 


2 Ja etc. 
mn n 


If the points P,, P,, P, ... can be regarded as lying on a 
continuous curve, then their locus is a ‘‘ frequency curve.” 

If the measurements do not fall into grades, or in sub-groups 
at particular values, but each observation has a distinctive 
measurement, then the group can be represented by a loaded axis 
on which each item is marked by a dot, 


——§-—-— 9 4-8-6486 6-6 8 6-0-9 
‘e) x 


and a great part of the following formule is applicable to such 
a loaded line as well as to a frequency curve. 

Measurements of the members of a group are frequently massed 
in grades (as 20-25, 25-30,.. . years) or originally made to the 
nearest unit (as 55-56, 56-57... inches). In such cases the 
number in each grade is approximately represented by a rectangle 
(as M,M,R,Q, on the grade M,M;). 


Q2 R2 
Q; 


Oo M Mo My : x 


Let h be the breadth of each grade, x,, %, . . . the abscissz of 
their middle points, y,, yg... the altitudes of the rectangles, 
and y,h, y,h ... the numbers recorded in the grades. Then 

n= Yh+yh+. oe y =VitVet co © 6 
if A is taken as the unit. 
The frequencies in the grades are 
Jah yah 
n’' n° 


- » ete. 
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If a continuous curve can be defined and constructed so that 
the parts of its area standing on M,M,, M,M;j . . . are proportional 
to y,h, ygh . . ., then this is the frequency curve of the group. 


Variation is a general law of nature and is found in most 
human affairs, so that large scale observations usually lead to 
frequency groups. Four classes can be distinguished : (a) where 
every member of a group has been measured, e.g. the 
wages of every adult male working in a trade; (b) observa- 
tions of samples selected from a group, é.g. the number of 
children in each of 1,000 families chosen in a town where there 
are 50,000 families, or the measurement of leaves of a tree of 
a particular kind; (c) repeated measurements of a physical 
quantity (e.g. of the declination of a star) where the variations 
are due to instrumental errors; (d) the mathematical proba- 
bilities of various numbers of successes (e.g. the chances of 
obtaining 1, 2, 3... heads when 50 coins are tossed) or the 
frequencies of events whose magnitude depends on an unknown 
complex of causes. 

To whichever class the phenomena belong, the same general 
method of describing the group is appropriate. This method 
is to select certain algebraic functions of the x’s and y’s and 
to evaluate them for the particular group. The group Is in 
fact described (1) by determining a central position, (2) by 
measuring the dispersion of the observations from this centre, 
(3) by measuring any want of symmetry about its centre, 
(4) by further measurements depending on the shape of the 
diagram which represents the group. 

For the central position we can use the arithmetic average, 
the median, the mode or, in some cases, the geometric mean. 
The arithmetic average is necessary in most cases in further 
calculations and must be taken as the usual starting point. 
The median does not lend itself readily to general algebraic 
work, is not always known precisely, and need only be calcu- 
lated for special purposes. The mode is not generally deter- 
minable exactly from the observations and the introduction 
of approximation at the beginning of the calculations should 
be avoided ; if, however, we have a definite algebraic formula 
for the group, the mode can be exactly obtained and is often 
important. (Part I, Chapter V.) 

For measurement of dispersion we may use the “ probable 
error,’ 1.¢., the half-interquartile range, or the mean deviation, 
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or the deviation of mean square. Of these the probable error, 
like the median, can often only be found approximately and 
is difficult to use systematically in further measurements. 
The mean deviation, apart from an ambiguity in the position 
of the origin from which the deviations are to be measured, 
introduces in further work a serious difficulty because the 
first measurements are taken irrespective of their sign. The 
deviation of mean square on the other hand is free from all 
these difficulties, being defined uniquely as the square root 
of the average of the squares of the deviations of single measure- 
ments from their average, and not only is easy to handle 
algebraically, but also necessarily enters into many calcula- 
tions. It is called the standard deviation and is universally 
used in mathematical] statistics. (Part I, Chapter VI.) 

Want of symmetry in a curve is indicated by the want of 
coincidence of the median, mode and arithmetic average, and 
by inequality of the distances from the median to the lower 
and upper quartiles. On any such quantities, which are zero 
when the group is symmetrical, a measurement can be based ; 
but the median, mode and quartiles can often only be found 
approximately, a resulting measurement is specially subject 
to any imperfections resulting from paucity of observations, 
and a change in magnitude of an observation has no influence 
if it does not transfer it across the median or a quartile. 

We need a measurement which is sensitive to the position 
of every observation. It would be possible to take the differ- 
ence between the mean deviations of observations above and 
observations below the average, but this would not lead to 
a formula readily put in line with other systematic measure- 
ments. It is found that the deviation of mean cube (the 
average of the third powers of the deviations of observations 
from their average, taken positively or negatively as they 
occur) is free from all difficulties, and it is evidently sensitive 
to all want of symmetry or ‘‘ skewness.” 

In measuring deviation it is natural and usual to express 
the result in concrete terms as so many inches, lbs., or other 
units, and the standard deviation, probable error, and mean 
deviation are so expressed. But in measuring skewness there 
is no obvious concrete unit and it is convenient to construct 
the measurement so as to be independent of the unit used; 
this is obtained by expressing the deviation of each observa- 
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tion from the average as a multiple of the standard deviation ; 
thus if x is a measurement, # the average, = 7 ne standard 


, and the 





deviation, the quantities averaged are ( 


. I 
resulting measurement of skewness is _ of all values 





— 7\8 as 
of (7 F ‘ i This evidently gives a sensitive measurement, 


but on no obvious scale, and it is only by experience of the 
shapes of curves and the resulting measures of skewness that 
these measures acquire an intelligible meaning. 

Further measurements can be obtained from the mean 
fourth, fifth, and higher powers. These have been generalised 
by Professor Karl Pearson in his system of moments. The 
rst, 2nd, 3rd... moments are the mean of the first, second, third 

. . powers of the deviations; the deviations may be measured 
from any point and the resulting moments are with respect 
to that point ; but the arithmetic average is generally taken 
as the centre from which measurements are made, and moments 
with regard to other points are only used to facilitate calculation. 

In Part I, Chapter V, it was explained that an average 
was used as a compact way of describing a group, especially 
when it was desired to compare or contrast two groups. This 
conception has now been developed, and we have a systematic 
way of describing the essential characteristics by three or more 
symbols, which measure the average, the standard deviation, 
the skewness and further analogous quantities. As soon as 
the meanings and scales of these measurements are appreciated, 
we may dispense with the original data (keeping them only 
for reference or as diagrams), express groups in a concentrated 
form, and base calculations showing the relations of groups to 
each other on these quantities which are specially adapted to 
mathematical treatment. 

The system is not of universal applicability, and in 
Chapter V are given examples of other methods suitable for 
particular classes of groups. 
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Notation of Moments. 


The notation and nomenclature used here are as follows :— 
= ~ (x49 + ys + oe )=S(Hy) tm. . . (2) 


is called the ¢* moment of the group about its origin. 


n=Sy.. ek oes Rs He ee ae et we a 1) 
m,' = £ = Sxy + (Sy. ius oh ee 


is the average of the group. 
m=S(x—Z)yt nm. 6 6 ww ww ew ew ew (4) 


is the #* moment about the average. 
Then 


nm, = S (x — £)*y = Sx*y — 2xSxy + Sy = nm! — 2% ne + ns 
and 
Sy Mg Sg i a ee we ce SH we  () 
CSV Nik ee Bod Bo Rw EBS se we 
is called the standard deviation, as defined above. 
NM, = Sx8y — 345 x*y + 3x*S xy — na 
Ms = Ms —3xm, +27. . . Lied Mee BE de a, a tees 1) 


ms is zero in a dienes d curve. To obtain a convenient 
measurement of want of symmetry or skewness the absciss@ are 
expressed as multiples of the standard deviation, thus eliminating 
the concrete unit of measurement. 


Thus = S{(*—*) 5} ena 2 « «@ © « (8) 


is a measurement of skewness. 





Similarly, mM, = m, highs 4ims’ + 6x2m,' vo 3.44 Oe er, re (9) 


is the fourth moment, and 


m m 
= = ae: ° e ® ° e e e (ro) 


K, 


gives a measurement independent of the unit. 





* This symbol is introduced in this book in pet of letters formerly used 
to measure skewness. It is believed that it will be found convenient. 
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The standard deviation being given, the more the members 
of the group are dispersed from the centre, the greater is #,. 
In the particular case of the normal curve of error (p. 269), 
x, =3. If without altering o the central height is depressed 
and the outlying parts pushed further out than in the normal 
curve, then «,<3. 


2 
Professor Karl Pearson uses A, = =s,, so that 1/8, = « as 
2 


given above, and he and Mr. Yule use a more elaborate formula 
for skewness. Also he writes pu, instead of m,, and fy for kg. 
Professor Edgeworth, following earlier practice, frequently 
uses ¢ = V2m, (called the modulus), for the unit of reduction 
instead of ¢, so that c=o~/2. On the whole the saving of 
complexity in some formule by the use of ¢ may be held not to 
compensate the use of an additional letter, for in any case the 
standard deviation must be — 


Edgeworth also uses j for —2, so that « =2V2j, and ¢ for 


o 


sid 3) = “(ta — 3). Then ¢ is zero in the normal 


curve of error. 


Illustrations of the Calculation of Moments. 


In the following examples methods of calculating the 
essential measurements *, o, «, #, are given. 

In very few cases has it been found necessary or expedient 
to use higher moments than the fourth for descriptive work, 
and it is well that this is so, for the errors incident to the 
obtaining of higher moments from actual observations are 
generally so considerable as to render them useless. 

1. In the first example a fairly homogeneous group of 
physical measurements 1s taken, viz., the weights of 3,404 boys 
of nearly the same age. If their heights (given on p. 385) were 
symmetrically distributed, it is to be expected that their weights 
would show a positive skewness, and in fact « = -643. One 
boy of exceptional physique (height 5 ft. 4 in., weight 14 stones) 
is excluded in the calculation of moments. The curve is not 
far removed from normality, for «, — 3 equals only +457. 


FREQUENCY GROUPS AND CURVES 253 


WriGHT or Boys, 14 To 15 YEARS OF AGE, GRANTED EMPLOYMENT 
CERTIFICATE IN New YORK. 





Weight. Scale, Number. Products. 

Ibs. xz 9g xy axty aby aty 
65- <7 3 —- 2iI 147 — 1,029 7,203 
70- — 6 9 — 54 324 — 1,944 11,664 
75 ae 142 — 7t0 355° — 17,750 88,750 
80- —4 301 — 1,204 4,816 — 19,264 77,056 
85- — 3 289 — 867 2,601 — 7,803 23,409 
90- —2 380 — 760 1,520 — 3,040 6,080 
95- —I 416 — 416 416 — 416 416 
100— Oo 404 — oO — re) 
105- I 315 + 315 315 + 315 315 
II0— 2 320 + 640 1,280 + 2,560 §,120 
115- 3 262 + 786 2,358 + 7,074 21,222 
120— 4 221 + 884 3,536 + 14,144 56,576 
125- 5 131 + 655 3.275 + 16,375 81,875 
130— 6 76 + 456 2,736 + 16,416 98,496 
135- 7 52 + 364 2,548 + 17,836 124,852 
140— 8 20 + 160 1,280 + 10,240 81,9z0 
145- 9 29 + 261 2,349 + 21,141 190,269 
150~ 10 14 + 140 1,400 + 14,000 140,000 
155- II 10 + 110 1,210 + 13,310 146,410 
160— 12 2 + 24 288 + 3,456 41,472 
165- 13 2 + 26 338 + 4,394 57,122 
170- 14 5 + 70 980 + 13,720 192,080 
175~ 15 I + 15 225 + 3,375 50,625 
3,404 + 4,906 37,492 + 158,356 1,502,932 

— 4,032 — 51,246 
+ 874 + 107,110 


The origin is taken at 102:5, and the unit as 5 Ibs. 


m,!= F= 74 = +2568 m,= 0. Average 102°5-+ +2568 X 5 = 103°784 lbs. 


= II‘O14 m, = m,! — %*= 10-948 


107110 = = 
m,/= —-~— = 31-466 m,= m,' — 34m,' + 2z* = 23-01 
3 3404 31°4 3 3 — 34m, + 3 
m= 1502932 
3404 
m, corrected,* = 10-948 — *;y= 10-865. o= 4/m,= 3-296, t.¢. 16-48 Ibs. 
m, corrected,* = m,— hm,+ gio = 413°542 — 5°474-+ '029= 408-10 


= 441°519 m,= mi — 4am,’ + 612m,’ — 344 = 413-542 


m m 
kas = 643 VBL, y= mi 3457 = Bs 


o® 


cm 4°661 jage= ‘227 $= -II4. 





* Sheppard’s corrections, see Appendix, Note 5, p. 439. 

In the above table and in similar calculations it is assumed that the 
numbers in each grade can be treated as if they were all at the centre of the 
grade. Unless the grading is very fine, this exaggerates perceptibly the 
second and fourth moments, while if the numbers in the extreme grades are 
small the first and third are little affected. If the breadth of the grade is h 
and not taken as unity, the corrected moments are ms, — y,h* and 
my — them, + vis! 
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2. Sauerbeck’s 45 index numbers measure the movement of 
prices of separate commodities, while their average measures 
the general price movement. The 45 numbers may be regarded 
as measurements of the general movement subject to indi- 
vidual chance deviations, and therefore form a frequency 
group, whose standard deviation can be used to measure the 
precision of the average. The group is moderately unsym- 
metrical. The number of cases is so small that it is not 
worth while to calculate the 4th moment. 


SAUERBECK’S INDEX NUMBERS OF 45 COMMODITIES IN 1916. 











x «3 zx eg £ xt x 
68 — 68 4,624 — 314,432| 138 + 2 4 8 
71 =— 65 4,225 — 274,625] 148 + 12 144 1,728 
84 — 52 2,704 — 140,608) 148 + 12 144 1,728 
86 — 50 2,500 — 125,000} 153 + 17 289 4,913 
93 — 43 1849 — 79,507) 154 + 18 324 5,832 
96 — 40 1,600 — 64,000] 154 + 18 324 5,832 
100 == =—>?36 1,296 — 46,656) 157 + 21 441 9,261 
1000 = =—-736 1,296 — 46,656) 159 + 23 529 12,167 
I0l — 35 1,225 — 42,8751 159 + 23 529 12,167 
104 — 32 1,024 — 32,768; 160 + 24 576 13,824 
1044 — 32 1,024 — 32,768) 161 + 25 625 15,625 
107 — 29 841 — 24,389) 163 + 27 729 19,683 
114. = 22 484 — 10,648] 163 + 27 729 19,683 
Il4 = 22 484 — 10,648] 166 + 30 goo 27,000 
11g = 17 289 — 4,913| 168 + 32 # 1,024 32,768 
I2zI — 15 225 — 3,375} 169 + 33 1,089 35,937 
125 —- II 12I — 1,331 | 172 + 36 1,296 46,656 
128 — 8 64 — 512/173 + 3 1,369 50,653 
128 — 8 64 — 512/174 + 3 1,444 54.872 
131 — § 25 — 1251183 + 47 2,209 103,823 
132 — 4 16 — 64/197 + 61 3,721 226,981 
135 — I! ) a 1} 202 + 66 4,356 287,496 
135 - I I-— I 
629 22,795 988,6 

23 — 632 25,982 —~ 1,256,414| 23 ~— 632 25,982 — ss6 ar, 

45 — 3 48,777. — 267,777 
Origin at 136. 


as 3 3 
% w—--, Average 136 —— = . 
45 Be 13 45 135°93 


, 8 = rags 
M,! = re 1083°933 Mm, = mm,’ — 4 = 1083'929. o =m Vi, me 32-9 


, 26 
o Seago ee 5951 Mg= Mm, — 3%,’ + 278m — 5734 


m 
ke = = — +161 


Seconds 
from assumed 
mean, 
+3°0 
+25 
+2:°0 
+15 
+1°0 
+05 

0:0 
—O°§ 
—tI-0 
ee I°5 
—2:0 
—2°5 
a 3:0 
= 3'5 


=— +170 


MM, == 5°390 — -029 me 5361. 


Onnwauan® 


-—T 
—2 
—3 
—4 
—6 
~7 
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3. OBSERVATIONS OF THE RIGHT ASCENSION OF THE Pot STAR.* 
Number of 
Observations. 

x ay aly axty arty 

r 6 36 216 1,296 

5 25 125 625 3,125 
16 64 256 1,024 4,096 
38 114 342 1,026 3,078 
63 126 252 504 1,008 
2 72 72 72 72 
2 a oO om re) 
73 — 73 73 = 73 73 
61 —122 244 — 488 976 
36 —108 324 — 972 2,916 
21 — 84 336 —1,344 5,376 
12 — 60 300 — 1,500 7,500 
6 — 36 216 — 1,296 7,776 

I = 7 49 — 343 2,401 
487 +407 2,625 3,467 39,693 

— 490 — 6,016 
— 83 — 2,549 
c= 23 
Ms, = — 5°234 — 3(— *170) X 5390+ 2(— -170)® =— 2-49 x m= 2 
m, = 81-505— 4 (—-170) (— 5-234) +6 (:170)*(5-390)—3 (:170)*= 78:88 = xy= 2+7 


These observations have been frequently used in discussing 
how far physical observations can be expressed by the normal 
curve. The results are nearly symmetrical, but since «<3 
there is an under-concentration near the average. 

4. The following example shows how a table of chances can 
be treated as a frequency group; an unsymmetrical case has 
been selected, namely the chance of obtaining sixes in a throw 
of 12 dice; ¢.g., the chance of exactly 3 sixes is 


Number of 


Sixes, 


O ON AMFSWNHAO & 


sm 
wes oO 


12 


Chance in 12 throws, 


x 
244,140,625 — 618 


585,937,500 
644,531,250 
429,687,500 
193,359,375 
61,875,000 
14,437,500 
2,475,000 
399,375 
27,500 
1,650 

60 


2,176,782,336 
* Quetelet, Letives suy la théorie des probabilttés, p. 128. 


CCE) se ata 


m2 
mM, = If 
m, = I} 
m, = 8H 
@ = 1°29 
en +516 
KR, == 3°71 
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5. If digits are selected at random their average may be 
expected to tend to 4:5. The group in the table below shows 
the result of selecting 400 groups of 25 each from the last 
digits in 7 figure logarithm tables. The group is somewhat 
unsymmetrical and x, > 3. 


SuM OF 25 DIGITS, DIVIDED BY 5. 


Difference Number of 
from 22°5. ases. 
Over 9 : ‘ . I 
8 tog 5 
7 2” 8 9 
6,7 5 
5, 6 12 
45 ‘ 10 
3 4 ; 15 With origin 23, 
2, 3 : 36 % = —+2575; average, 22-7425 
I 4 2 _ ‘ ; 48 m, = 8-8662 ; corrected, 8-783 
oO, 1 ° < ‘ 57 o = 2:964 
°o, —!I a 62 Mm, = 13°584; « = °522 
—I, —2 ¢ : : 58 Mm, = 274:24; corrected, 269:8 
—2, —3 ; : : 39 Ky = 3°50 
—3,, —-4 ; ; , 17 
~4 —5 13 
—5 » —6 ; 10 
—-6,-7 ° : ‘ 2 
=7 rT) —8 e e ° I 
400 


Mr. Elderton * gives a method of calculating moments spe- 
cially suited for work on an adding and multiplying machine, 
which may be expressed as follows in the notation of this 
chapter. 


Let 4, Ye... Ye be the frequencies at¥=1,2...1. 
Write 99; = Yt, dg =H Ma-p oe qoeH MEM yo... $y. 
Also write 
193 = 993 t+ 95a 198 = 091 109g + 09s, «++» 19t= 952 toda t «+ «gt, 
ANd gS = 49, 1450, «+ +) gSt = 93 bet... + ySt, and soon. 
ode = number of observations = n 
v9e= yet ($-—I)M_yt.. $1. = ne, 


where # is the average, = nm,’. 





* Frequency Curves and Correlation, pp. 19-23. On p. 23 Mr. Elderton shows 
how to use an origin near the centre, thereby saving numerical work. See 
also Hardy, The Theory of the Construction of Tables of Mortality, pp. 59 seg. 
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—_ t e 
ots et Dy, + dal LT + l..+ y= (m, ae m,'), 
where m,', m,’...are moments about the origin. 


SHS. 2+2.3+.0-+ int H2t... (2 UY Yea Hove 
= at t+ 1) (C+) y+ Te C+ Tate. + 7.2.394) 
= © (1m! + 3m4' + 2m,"), and 
Se= 2 (oma! + Gy’ + 11M! + 6mm’) 
Then by the use of equations 5, 7, and 9 we find 
ty ==. gS — F(t +2) 
6 
n 


Ms= 


g9t — 3M, (I + x) — & (1+ x) (2+ Z) 


y= = -(St— 21 (3-428) — 1g (11-1824 64%) — (1-4-2) (245) (34+4). 


The quantities ,S:, 5:, 35: g5¢ are quickly obtained by 
repeated addition. The process is exhibited sufficiently by 
working out the moments of Example 5 (p. 256) by this method. 

x is measured from the origin 14 ; ys is the number of cases 
at x. Each term in the column ,S, is obtained by adding the 
terms in the previous column that stand to the left and above 
it; the column ,S, is obtained similarly from the column 
goz and soon. #=18. Write 19 —-x=7%’, 


Sum of digits + 5 * Ve os Ie aSe. aos 
Over 31°5 18 I I I I 
305 - 17 5 6 7 8 9 
29°5 . 16 9 15 22 30 39 
28-5 . 15 5 20 42 72 Iir 
275° 14 12 32 74 146 257 
265 . 13 Io 42 116 262 - 519 
255 12 5 57 173 435 954 
24°5 . II 36 93 266 701 1,655 
23-5 10 48 14! 407 I,108 2,763 
225 9 57 198 605 1,713 4,476 
21° 8 62 260 865 2,578 7,054 
20°5 7 58 318 1,183 3,763 10,815 
19°5 6 39 357 1,540 5,301 16,116 
18:5 5 17 374 1,914 7,215 23.331 
17°5 4 13 387 2,301 9,516 32,847 
16°5 3 10 397 2,698 12,214 45,061 
15°5 2 2 399 3.097 15,311 60,373 
145 I I 400 3,497 18,808 79,180 
Totals . 400 3,497 18,808 79,180 285,560 
= Sie = 15:9 = ais = 318 = 


ae 
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wx 3497 _ 8. ssuiaie 

¥ ico 8-7425 Average = 22°7425 
2 

m, = rr X 18808 — 8-7425 X 9°7425 = 8-8662 

Mm, = “5 X 79180— 3 X 88662 X 9°7425 — 8°7425 X 9°7425 X 10°7425 me 13°584 


Mm, = aa xX 285560—2 X 13°584 X 20°485 — 88662 xX 626°95 — 10744:15 8 274°24 


CHAPTER II. 


ALGEBRAIC PROBABILITY AND THE NORMAI CURVE 
OF ERROR. 


Elementary Principles. 


THE method and fundamental theorems of algebraic proba- 
bility may be summarised as follows :— 


Suppose that there are N alternative events, any one of 
which is just as likely to take place as any other, and that 
one of them is known to have taken place, but we are in 
complete ignorance which ; further, of the N events suppose 
that M have a special characteristic and the remaining (N — M) 
have not; then the chance that the event that has happened 


has this characteristic is defined as x : 


Thus, if one card has been drawn from an ordinary pack of 
52, the chance that it is a heart is 33 = }. Here each of the 
52 events is so far as we know equally likely, and the skill of 
the card manufacturer is directed to make the cards of equal 
weight and with equal friction. We cannot point to any circum- 
stance which tends to give one card rather than another, unless 
the surface friction of an ace is less than that of a king. In 
an ideal system there is nothing to distinguish the circum- 
stances that lead to one of the N events rather than another. 
In the apparatus of fair games of chance this equality is 
definitely aimed at, and consequently such games supply 
illustrations of algebraic probability. 


Let p= 7; =1-po 5. q is the chance that the 


characteristic will not be found. If we call the appearance of the 

characteristic a “success,” ~ is the chance of success, g is the 

chance of failure ; the odds in favour are # to q, against g to p. 
259 s* 2 
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Multiplication of Chances. 


If ~,, p, are the chances of success in two independent experi- 
ments, then ~, X , can be shown as follows to be the chance of a 
double success. 

In one experiment let there be #, equally likely alternative 


events, and in the other #,. Write £, = m1 b= 


By independence here we mean that the result of the first 
experiment has no effect on the second experiment, so that each of 
the , X , possible double events is equally likely. 


Of these n, X m, events m, X mM, give a double success 
M, X (ng — M,) give success and failure 
(ny — m,) X mM, give failure and success 


(%; — ™,) X (nz — m,) give double failure. 


Of n,n, equally likely events m,m, give a double success and 
the remainder do not. Hence # the chance of double success 


Nitty Pi X Ps 


E.g. the chance that two sixes will be thrown by a pair of dice 
isitxXt=s5 

If, however, the experiments are not independent, but the 
result of the first affects the chances in the second, the formula 
must be modified in the way illustrated by the following 
example. 

If a card is drawn from each of two packs the chance 
of drawing two aces is x45 X $, where ~, = sy = dy. 

But if the second card is drawn from a pack from which 
the first has already been taken, we have the following 
alternatives :— 

There are 52 x 51 possible events. 

If an ace is drawn first, there are 3 aces in the remaining 5r1. 

4 X 3 ways give a double success. 4 x 48 give success 
and failure; 48 x 4 give failure and success, and 48 x 47 give 
double failure. 

The chance of a double success is therefore Ay X +4; = str. 

This problem may also be worked out as follows. There 


are gqCy = 22 2 pairs in the pack. Of these Gat are 
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two aces. Any pair is as likely to be drawn as any other. 
Hence the chance of drawing two aces, whether together or 





consecutively, is a _ 4:3 
ye aa 52-5 
The chance of obtaining 8 hearts and 5 cards of other suits 
in a hand of 13 cards dealt from 52 is 
wy X sop _ 13.12.11. 10.9.8.7.6.39. 38-37 - 36.35 (13!) 
5218 §2.51.50.49. 48. so 46.45.44.43.42.41.40(8!)(51) 
— 105,857,037, _ I a 
90,716,222,800 — 357 appx = 2s 
for there are ,,C,, equally likely hands = N; there are ,,C, 
equally likely groups of 8 hearts and 5,C, equally likely groups 


of 5 from other suits, and ... M =,,C, x3,C,, where = =¥ 


Addition of Chances. 


The total 9 can be obtained from the throw of two dice 
from either of the pairs (3, 6) (4, 5) (5. 4) (6, 3); that is of 
36 equally probable events 4 give the result, and the chance is 
therefore x4, = }. 

This result may also be obtained thus: the chance of throwing 
3 is 3, of throwing 6 is }, and therefore the chance of throwing 
3 and 6 is yy. Similarly the chance of throwing (4, 5) (5, 4) 
and (6, 3) is xs in each case. The whole chance is the sum 
of the chances of these alternative double events. 

Generally if a success can be obtained either from an 
occurrence whose chance is #, followed by one whose chance 
is ~,’, or from successive occurrences whose chances are 
by, py ...~, then the whole chance of a success is 


P= Piby + Pade — 


Deduction of the Normal Law of Error. 


We can now proceed to a general theorem of great im- 
portance alike in the theory of probability itself and in its 
application to statistics. 

Suppose an experiment (e.g. throwing dice, drawing a card, 
or choosing a number) to be such that the chance of success is 
always # and of failure q, so that +g =I. 

Let the experiment be repeated » times, and consider the 
chance of obtaining 7 successes and n-r failures. The chance 
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in an order assigned thus—the first r experiments successes and 
the rest failures, is 


xx tor factors xX q Xq xX to nr factors=p" x g?-"; 


and the chance in any other assigned order is the same. The 
order may be assigned by choosing any 7 positions for 
successes in a series of ” experiments, 7.¢. in ,C, ways. Hence 
the whole chance is ,C,* p’¢"~". 

The chances of 0, 1,2... successes are therefore the 
successive terms of the binomial expansion 


r= (gt p= gr tn.g pt... aCe gh tpt... pngpr1t ps 
For example, if p= #3, g = } and = 10 we have 


¥ ncr pg" whe ‘ pg 
re) I 310 = 510 -006,046,617,6 
I 10 2xX3° 4 040, 310,784,0 
2 45 2%x 3° ,, *120,932,352,0 
3 120 2°*x 3’ ,, *214,990,848,0 
4 210 24x 3° _,, *250,822,656,0 
5 252 25x 3° 5 *200,658,124,8 
6 210 ax 3% |, *111,476,736,0 
7 120 2X 3 oy 042,467, 328,0 
8 45 P db cae *010,616,832,0 
9 To 2° 3° 45 "001,572,864,0 
Io I 210 a °000,104,857,6 
I-000,000,000,0 
Oo ' 2 3 «#4 § 6 FT 8 YX 10 


The Vertical scale is expanded roo fold so that the area of the figure 
ig 100 squares on unit base. 
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The diagram illustrates the relative chances of different 
numbers of successes, and exhibits them as a frequency group. 

We will first find the moments of the group for general 
values of p and #. Take the horizontal scale on the diagram 
as the scale for x. 


Suppose the #-fold experiment repeated N times, where N is a 
very large number. Then the number of times yr successes are 
obtained tends to be N x ,.C,.q"-"p" = yy, say, 


and yotyyt..- +y=N(Gtp=N, since p +q=1, 
% = m,', the first moment about the origin, 
=(YoXOt¥y XI... +¥e Xt... +n Xm) —N 
=n .g*-p+n(n—1)/2 .g*~*p?X2+...+nC.g™ "Dp Xr+...+h"Xn 
= np(qtpy*t==mp . 2. 1 1 ww ww ww ew ew ww «(E) 
= (yp XO? +y, X 12+... +y,X 72+... + yn X 0?) =N 


= DAAC grep = Dil — 1) +47} Sh gooey 





= n(n = 1) pty Ades = 2)r-2 2 gn- rpr—8 +. np >it —I)y-3 gr rpr-} 


(r—2)! (r—y)! 
= n(n —1)B*(g + p)"-* + mp (q +p)? = n(n — 1) f* + mp 
= 2362+ np(1—p)=*2?+npg . . . . 6 © © e © (IZ) 


and ms, the second moment about the average, 
=m, —xX®*=npg=np(it—p). « « « 6 © (13) 
In a similar way 
ty = SYP aCe gtr = m(n—1) (n—2)p+3n(n—a)ptEMp. (IA) 
and ms, the third moment about the average, 
= mM,’ — 3m,'x + 22% 
= n(n—1) (n—2) p®+-3n (n—1) p2-++-np — 3n8p3— 32h? (1 — p) +2n3p* 
= np (2p? — 3p +1) = mp(t — p) (I — 2p) = mpg(g—p) « ~ (5) 
mM, = a ar a and m, can be shown to equal 
3 (bqn)* + pan (x — 69). 
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Hence, using the formule of pp. 251-2, 6 = +/pqn, By = aoe 
ay ee eel Pn 7 oe a re 
m= Pa 3+ ag C= V2P I on 


The standard deviation varies as V/n. « and /B;, measure- 
ments of skewness, are small when Vn is great. (xg — 3) and # are 
small when is great. 


Next consider the chance of ” successes and the shape 
assumed by the diagram when » is increased. 


CasE I., when = q = j and » is even = 2n’. 
Let P, be the chance of n’ + % successes, and therefore n’ — x 
failures. 
ae ee ae 
OO AMR TES Onte ow== (nm! +x)! (mn? — x) 1 2” 


(2n’)! x n'(n'—1)...(n'—x*+4+1) 


n\n’ 1° 29"* (n' + 1) (n' +2)... (n’ +2) 





Po= seat as = by Wallis’s Theorem, correct 


20 nin’) Van?’ 
to - —, (Appendix, Note r oo 


cae + ve e am € +) 
og (Pave toe (2p) 10 (+) Hoe (2) lo (14) +. 
+log(1 — 5) — log (1 +5) — log (x — 7) 


=—2(B 4st) -2(Ztaat-.).. 
( 


—2(5 +t...) —log I— ) 


N 


pr t2t ete _ ly ina a +8, 
n’ 3° n’® 

2 MFA etl. | yt £ 

pa ++ Hog (1 -§), 





P, = 
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where ¢ is any integer, 
x(x-+I) 22%5(%-+1)8 


Se ge ee, ee gee ee 


n’ 3 4n' 


2 xgit?+.,.+.,., x x3 
~ 2t-+r' (2é-+2)n/ett io +(5+Z5+-.) 
Write x = rn’ = 10, since from p. 252 
ch= 2pgn =2.4.4.2n' =n’. 
log (Ps. Vaj=—#— 5 — 2 O(r4+ =) — eee 
2 rts T 7 
— ager art) (Fat ae t) 


i ae 
==— 7? + terms involving ae 


Hence if vee is neglected, as in the value of Ps above, 


8 zt 


"3 I ———— 
P = =S_— = 208 . 8 e@ 16 
i rv art Co Van ( 

since ¢, the standard uae clV'2. 





: ” 
And since c?=-, P, = —=e *. 
2 “an 


CasE II., when # and g are unequal. 
Let Ps be the chance of #n-+ x successes,f and therefore 
qn — x failures. 


n| +2 
Pe= Gata lqa—al Pe 


__%! qn(qn—1)...(qn—x+1) f 
= mtn" n+ i) pn +2)... n+ ag 


(- 5) 0-5) 


CacnEcr) 


* Appendix 2, formula (133). 
¢ It is assumed for simplicity in the sequel that pn is integral and there- 


= P,. 





fore P, the greatest term; since # is large and powers of are finally 
neglected, the proof is not affected. 


266 ELEMENTS OF STATISTICS 
log (PoP) = Siog (x 5) — — Sos (2+ 55 .) — log (x— 
Elta sp BB) 
-YF aa * Sr) — so . — log (x — 3) 
seth) b+ x(e+i)(2xt+t) pa 





_ (ety? Pte 
4. 3p gn 


I gett, _ pag x 42 
bE pigint +4 sate) 
Write x = rc, where c? = 2pqn = 20% 
8 2-2 
log (Pa/Pp) = — SEEN 4 EERO py 
4c4 + 2788 + 722 
ee wee. (t — 369) — 
Be 


__ ttt git - r2ctps 
aa +q')—...+ +2me 4 2 + 


since P+qg=I, 
=—#+{-14+ 2 q—p) +26} 
7? T 
+5 {@—1)— = (— 36) +204} 
+ terms involving 4 


Regard 7 as finite; that is, consider only those values of # which 
are comparable with /pgqn. 


If we neglect = ~ , (that is, if we neglect Te =z), we have 


P, = Pret = Pye eae de we Be ee 89) 
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I : I ‘ 2 I 
If we keep . neglecting a (that is, neglecting x) we have 


? 
P, = P,e- -73 2 et -p)(l = ir) 





= Pye-{r— LF (— $a}, since 3, is neglected, 


_ = 
nro 05-49) 
=P {1—5(¢-)), be ee ee ee oh EB) 


since ¢ == V2.0 = V2pqn, and cat, 





The value of P, may be obtained from Stirling’s theorem for 
factorials (Appendix, Note 3 (134)), viz.: m !=m™V/2mm.e- 


when : is — and = m™/2nme-™, when = is neglected. 
= omtmie 


- n* / 27n ares 
(pn)P"(gn)a” * 2npn.anqn’” ee ae? 


neglecting re <. &c., 
I I 
= Vag tice pt q=1= POY a Bry Po 


Now write y for P,, and we obtain the equations 





eames : I _z 
é 2 tceC ef == —— a. ‘ 

a Va ns pal : ry alas (79) 

when Te is neglected and 
_ # K (Z x* )} 

y —_ re é aot 2 o 30% e e ® ° e e (20) 

when —= is retained and = neglected. 
Vn % 


These equations express the chances that when an #-fold 
experiment is made, as described above, the number of 
successes shall be x in excess ot pn, where p is the chance 
of success in a single experiment. 
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zi 


The curve represented by y= ae e* is called the 
7 


“ normal curve of error.””* Its shape is shown in the diagram 
at the end of the book. 


An idea can be obtained of the importance of the term 


in a by taking m = 1000, f=yy5. Theno = 90 = 9'5and 


x = 084 approx. The chance is sensibly affected when x is 
greater than co. 

When 1 is great the actual chance of one assigned number 
of successes is small, ¢.g. if #=4, m= 1000, the chance of 
exactly 500 (the most probable number of) successes is only 
zy approx. The measurement that we find useful, however, 1s 
not that of particular ordinates, but of the sum of the chances 
over a range of values, say from x, to %, where % — x, Is 
of the same order as o(= /fqn). 

By a well-known theorem + we can pass from summation of 
the ordinates to integration of an area, and the whole chance of 
a number of successes as great as n+ x, and not greater than 

P| 
I ry 


pn + %, is Jae where y = Jae e and terms involving 





7 are neglected. 


Vn 


table suitable for evaluating this function is given on p. 271. 
In the following paragraph important constants connected 
with the function in question are obtained. 


"I fais 
f = ——e-idz = limit of n 
Area of curve | gee Z t of (6+ ¢)" when n 
tends to infinity = I. 
“. i e-Wde = Von; | e- du= Vx; 


t e-otdy = /E; [ a yee I 
‘* Qa’ -voV2r 





* See Edgeworth, Encyc. Brit. Vol. XXII., article Probadilit . 391 Seg. 
+ A dx. Note ris ’ Ys PP. 391 Seg 
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-5 


Write m, = [- : aot utd, for the s** moment about the 





Wi 


avec which is the origin, the area being 1. 
The curve is symmetrical about the ordinate through the origin, 
and #41 = 0 for all values of ¢.* 
3 


i nte 2 Gy 








a OV ae 
xz 

eee een tee e wy 

l- va" T. Veda : 
=o+¢c!=g?., e e e e e e 6 e (21) 

as was already known from formula ' - 

= =| xtte dy 

Cc Tj) - 
a 7s, cal at: (2t — I)o8 (” aaa 

Var -e oV2n 


= 0 + (2¢ <2 I)o*mg_» 7 © © © © e@ © @ 8 (22) 
Hence m, = 30° . m, = 30% = 3m,', and 
m : 
= Pi= 7 a= 3 $ = B,—3=0, 
as may also be obtained from p. 264, when » is infinite. 
= (2¢ — I) (2# — 3)... 3.10%, by induction, 


_ (2#)! Das 


rial 2 0 © © @ « (23) 


E &- m,= 150%, Ms, = 105¢e°%, 
n, the mean deviation (see p. 111), since the area is unity, 


23 zi 
2 20 “sq i% 2 
— a — SS a — ° Re e ° 
yee ¢ xe % Tae Mas = (24) 


2r 


and . ey 
aa 2° 











x3 
* For meg, = = g¥tl ¢ a = / : ? (x) ds, say, 


={ omdet |” omds=[ omar f ower, where #’ = — x, = 0. 
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The ‘probable error” (see p. 113) is obtained by finding 
from the table the value of z which makes [ Te ed" dz =}. 
7 


This value has been calculated as x = zo = -674490¢. 
A drawing of the curve is given at the end of the book. The 


points of inflection are obtained by equating D'y to zero, where 


I ” Bet 





=—=—6 ™. 
y oV2n 
xt 
Thus log y + const. =— a 
I % 
ya 
I pi == Pa 
y Dey ye Dey)? = = 
; ( x\3 I . 
ee a Ga *) areas at the points of inflection 
and B=to0 2. 2 2 1 o « (25) 


The area of that part of the curve which stands on the 
base 0 to a is, of course, the tabular value of 


: (era : [e dz = F(1) = +341 
— t= eo “8° az7= == : 
avr 0 Van Jo ) = "3413; 

and by a similar use of the table we readily find the following 
approximate values :— 





PROPORTION OF AREA OF CURVE STANDING ON CERTAIN BASES. 


Base. Area. Base. Area. 
O— ‘2¢ 07926 — -2¢ to + -2¢ °1585 
o— -6¢ °2257 + -2¢ ,, + -6¢ "1465 
o—1I:0¢ °3413 + -66 ,, +1:00 “1156 
Oo— I-40 4192 +107 ,, +1°4¢ "0779 
o—1°8¢ “4641 +140 ,, +1°8¢ "0449 
O— 2-20 -4861 +180 ,, +2:2¢ "0220 
O— 2°60 *4953 +2°2¢ ,, +2°6¢ “0092 
O— 3:00 -49865 +2-6¢ ,, +3-0¢ "0033 

Notg.—The mean deviation and probable error are defined in Part I. pp. 


III-3. 
The mean deviation is the average without regard to sign of the differences 
between the measurements of the items which make the group and a central 
measurement (generally the arithmetic average). 
The probable error is the distance which measured left and right from a 
central position includes exactly half the observations. 
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TABLE OF VALUES* oF F (s) == [' eas 
V2xJ0 





SRA TIAA LE EELS | ETE CT ELSE ED LLD | eC TE ES SE ITE IESG AED OSE ISL LE OPIEE LE: | LAE REE ETS LEE TI AE NTE TLETELIEED | CE LETTE GS SLT TIT TOL LE GEES 


709-0359 | °59 «°2224 | I-09 «+3621 | 1°59 *44qI | 2:18 +4854 
‘IO =. 0398 60 +2257 | I°IO +3643 1°60 +4452 2:20 -4861 
‘Ir -0438 “61 +2291 | err = °3665 161 +4463 2:22 4868 
"12 0478 “62 +2324 | I-12 +3686 1:62 °4474 2:24 °4875 
13) 0517 63-2357 | I-33. +3708 163 °4484 2°26 +4881 
"Ig °0557 64 +2389 | 1°14 +3729 1°64 °4495 2:28 -4887 
"15 *0506 | *65 +2422 | 1-15 +3749 | 1-65 +4505 | 2°30 +4893 
"16 -0636 66 -2454 | 1:16 +3770 1°66 +4515 2-32 +4898 
17-0675 | °67 +2486 | 1-17 +3790 | 1:67 +4525 | 2:34 +4904 
18-0714 68 +2517 | 1-18 838-3810 1:68 -4535 2°36 +4909 
"Ig 0753 | "69 °2549 | I'IQ +3830 | 1-69 +4545 | 2°38 +4913 
‘20 +0793 | °-7O °2580 | 1:20 = +3849 I'70 +4554 | 2:40 +4918 
. “71 *261r | 12% = -3869 I-71 +4564 2-42 +4922 
22 ©0871 °72 «+2642 | 1:22 -3888 I-72 °4573 2°44 °4927 
23° OQTO | °73 +2673 | 1-23 +3907 | 1-73 +4582 | 2-40 - 

24 0048 | +74 +2703 | I-24 +3925 | 1°74 45901 | 2°48 +493 
25 0987 | °75 ‘2734 | 1-25 +3944 | 175 °4599 | 2°50 -493 
26 =6-1026 "76 +2764 | 1°26 +3962 1-76 -4608 | 2°52 °4941 
27 = «6°1064 | +77 «+2794 | 1-27 +3980 | 1-77 +4616 | 2°54 +4945 
°28 «= * 1103 -78 «=-2823 «| «328 = -3997 1-78 +4625 | 2°56 - 

29) *EI4T | 6°79 «+2852 | 1-29-4015 | 179 +4633 | 2:58 +4951 
"30 096 *II79 80 +2881 I-30 +4032 1-80 «4641 2:60 +4953 
*3I 0° 217 Br «2910 | I°3E +4049 18x +4649 | 2°62 +4956 
*32 «©1255 82 +2939 | 1°32 -°4066 1°82 -4656 2°64 °4959 
°33*1293 83° «2067 ~| 1°33 (+4082 1°83 +4664 | 2°66 -4961 
‘34 -°133T | *84 «+2995 | 1:34 +4099 | 1°84 +4671 | 2-68 +4963 
35 °1368 | -85 «+3023 | 135 «4115 | 1:85 +4678 | 2-70 +4065 
-36 =- 1406 86 +3051 13600 -°4131 1-86 -4686 | 2:72 +4967 
37 °1443 | *87 «+3078 | 1:37 4147 | 1:87 +4693 | 2°74 +4969 
-38 «46-1480 | -88 +3106 | 1-38 -4162 | 188 +4699 | 2976 +4971 
39 «1517 | °89  °3133_ | 1°39 «°4177 | 1°89 +4706 | 2-78 +4973 
"40 «°1554 | "90 +3159 | 1:40 4192 | I'9Q0 +4713 | 2:80 +4974 
“41 *I5Q1 ‘Or «63186 | I'4I +4207 Iegl °4719 2:82 +4976 
°42 © °1628 OZ «°32I2 | 1:42 +4222 I-q2  -4726 2°84 +4977 
43 °1664 | °93 +3238 | 1°43 +4236 | 1-93 +4732 | 2:86 +4979 
"44 °1700 | -94 °3264 | 1°44 4251 | 1:94 +4738 | 2:88 +4980 
"45 °1730 | °95 «°3289 | 1°45 +4265 | 195 +4744 | 2°90 +4981 
*q6 «°1772 | -96 +3315 | 1-46 +4279 | 1:96 +4750 | 2:92 +4982 
47 *1808 | -97 °3340 | I-47 °4292 | 1:97 +4756 | 2:94 ‘4984 
48-1844 | +98 «+3365 | 1-48 +4306 | 1-98 +4761 | 2:96 -4985 
49 «6 °%879 | -99 =°3389 | 1-49 +4319 | I99 +4767 | 2:98 -4986 





2 F(s) 8 F(s) 3 Fs) 
3°00 -49865 3°60 -499841 4°50 +499997 
3°20 +49931 380  -499928 

3°40 +49966 4:00 — -499968 


* Based on Dr. Sheppard's 7 figure Tables, Biometrika, Vol. II, Part H. 
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It has been calculated that F (z) = } when z = 67449 
approx. The quartiles of the curve are therefore at 


+ 674497 . . «. «~~ ~ = (26) 


and it is just as likely as not that a single observation will 
be within this range as without it. -674490 is therefore the 
“‘ probable error’ and is frequently used in preference to o 
to measure precision. 


Algebraic Chance and Expertence. 


The analysis so far has been purely abstract, the illustra- 
tions from cards and dice only having been taken to visualise 
the phrase “ equally likely.”” We must now consider what 
evidence there is that successes do occur in proportion to their 
algebraic probability. Though we should certainly be sur- 
prised if, in simple cases, successes were in a different propor- 
tion—if, for example, we found that go out of 100 coins tossed 
fell head uppermost, or 50 repeated draws of one card from a 
complete pack (shuffled after replacing each card drawn) 
were all hearts—yet this feeling hardly gives more than a 
presumption that in the universe there is some method in 
apparently chance events. We must appeal to experience and 
experiment. Ina general way, it is the experience of players 
of games of chance that events do happen at any rate roughly 
in proportion to their algebraic probabilities ; canons of correct 
play in whist were based on this, and the odds were given in 
accordance with calculated probability. Insurance, both 
accident and life, is based on the belief that events in the bulk 
are predictable, though individual occurrences appear to be 
fortuitous, and this belief has been continually justified. A 
great number of experiments have been carried out directly 
for the purpose of comparing the frequency of the occurrence 
of events with their a priori chances, with very marked success. 
We can never, however, obtain a certainty that the preliminary 
condition of equal probability is satisfied completely, nor can 
we expect to obtain more than an approximate verification. 

Rough experiments can easily be made by quite simple 
means. 

Thus from numerous packs of cards, from which the picture 
cards had been removed, 4 cards were drawn and the total of 
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the pips on them counted and then the cards replaced. This 
was done go times. 

The chance of getting a total of 7 pips, if the number of 
packs was so large that the draws of the separate cards in the 
quartets could be taken as independent, is the coefficient of 


— wlQ 4 
win Dette... $214 bein L=*)’, and may 








rot \ I —% 
be tabulated with the results of the experiment as follows :-— 
Aggregate . Experimental 
chance. X gos ‘‘ Expectation.” result, 
y= 4to 9 °0126 1-134 ° 
10 ,, 14 0871 7°839 7 
15 » 19 °2375 21°375 27 
20 ,, 24 3256 29° 304 25 
25 » 29 °2375 21°375 22 
30 » 34 -0871 7°839 9 
35 » 40 *0126 1°134 o 
I-0000 90000 90 


The total of all the pips in the go quartets was 1956, and 
the average per card 5°43. The average on all the cards in 
the packs was 5:5. 

It is evidence that the experiment corresponds with the 
expectation, approximately at any rate. 


Bernoullt’s Laws. 


We must next inquire what correspondence between theo- 
retical and expected frequency the theory itself leads us to 
expect. The Law of Error supplies a test. 

Consider the group 7 = 15 to 19 in the above experiment. 
The chance of finding a number in this range is +2375 = #. 
In go experiments the chance of finding a number in this 
range ¢ times is the ¢ + 1 term of (¢ +f) The most 
likely number of successes is 21 or 22 and the standard devia- 
tion of the possible number of successes is /fgn where 
n= 90, #.¢., about 4. In such a multiple experiment many 
times repeated, the chance of getting anything from 17 to 26 
successes in the group is found from the Table to be about 
$; that we should obtain so great a number as 27 (as in 
the experiment tabulated) the chance is about }. It is very 
unlikely that we should have a divergence from 21 by as much 
as 3 times the standard deviation; that is, more than 33 or 
less than g occurrences are very improbable. 

T* 
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This process, stated more generally, leads to Bernoulli's 
Laws, which may be paraphrased as follows. If an experiment, 
in which the chance of success is #, is performed m times, 
and #'n is written for the number of successes, then as # is 
increased p’ tends to approach #. The chance of the occurrence 


of a deviation greater than p~}’, is 2 Tae ti 
p~ P' 
Fees 
n 


and hence as /n increases the chance of any assigned devia- 
tion diminishes. By increasing sufficiently the chance can 
be made as small as we please.* 

Now it is the result of general experience and many experi- 
ments that Bernoulli’s Laws can be realised in fact. 

If, then, we can obtain the condition of a priori equally likely 
occurrences, we may calculate the chances of various events 
by the methods of mathematical probability, and expect that 
our calculations will be realised in fact within a margin deter- 
minable by the law of error. 

On the following pages the results of various experiments 
are shown. The first three compare the distribution found 
with that given by the law of error, and the remainder show 
the working method of determining the size of a class in a 
large group by the method of sampling. 


Examples. 


1. If a digit is taken at random the chance that it will be less 
than 5 (0, I, 2, 30r 4) is $. The digits in the 7* decimal place of 
a book of logarithms were taken 50 at a time and the number (r) 
of digits less than 5 was noted. The chance of finding ¢ such 
digits is the y+ 1" term in the expansion of (+4). =>50, 
p=4q=4, Vpn = 3535 =o. 

pn, the most probable number, is 25. The chance of not exceed- 


e e 6 x x e 
ing 25 + % 1s F(z) in the table, p. 271 , where z= — = ——, if we 
o 3°535 
* Notice that p~p’ is the deviation of the proportions. The resulting 
actual deviation is pn~p’n, and z should then be written 
pn pn 
V p(t — p)n’ 


and the chance increases as V » increases. 
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assume that »= 50 is large enough in a symmetrical curve to 
allow the use of the normal curve instead of the binomial series. 
The 50-fold experiment was performed 300 times. 


” s F(s) Differences * x 300== Bore Pech tote Peco suse 
135 32522  -4994 
145 29604 4986 008k 
15°5 — 2°6866 +4966 w BS 
ies ives to Sd EME 
17°5 —2°I210 -4831 O16 8 3 3 rT 18 
185 =+1:8382 +4670 Peas a. 3 a 
195 15554 °4400 ; Li a ye Ton 4 
205 12726 +3984 oat 5 3 9 
21°5 — +9898 3389 "0595 17°85 18 I » «I 
22-5 — +7070 +2602 pai 238 a9 ee 33 
Se. ae pe 1082325) s-320F 33. 3224 
25°5 + +1414 eet "1122 33°7 34 42 » 25 
26:5 + -4242 +1643 ‘1082 32°5 32 or 33 36S li,,=S 26 
27°5 f- *7070 °2602 "0959 28-8 29 30 i a7 
28:5 + -9898 +3389 0787 23°6 24 28 , 28 
29°5 12726 +3984 "0595 17°85 18 15» 29 
305 5554 -ggoo. CATO 25 TROF TZ TO, 30 
31°5 1-8382 *4670 eet a ; ” - 
325 21210 = - 4831 0088 . 6 : oo a 3 
335 - 24038-4979 : ae 
34°5 26866 +4966 "0047 I*4 1or2 I» 34 
35'5 2:9694 +4986 s0020 6 oorr - w 35 
36:5 3°2522 +4994 «0008 2 0 0O » 36 

299°6 


The agreement is as close as the theory leads us to 
expect (see Chapter X). The standard deviation a priors is 
V/pqn = 3°535- We can also find the standard deviation of 
the observations @ posterior: by taking the square root of the 
second moment as on p. 253. The average is 25°043. The 
second moment of the observations about an origin at 25 is 
(x x 112+ 0 xX 107+ 3 X g?++... +2 X 10%) + 300 = 11°30, 
and about the average is 11:300 — :043? = 11°:298. The square 
root is 3361, which differs from the a priori value by -174, 
which is a not improbable deviation (see formula (120) below). 

2. Instead of finding the expectation at each value, we can 
test the distribution by the method illustrated in the following 
example. 

In a book, in which a page contained 37 lines, it was counted 
on each of 100 pages in how many cases the first (complete) 





* Thus when = 13-5 and 14:5, F(s) == -4994 and -4986. The difference 
“0008, X 300, is the expected number at ry = 14. 
t Nearest whole numbers from the previous column. 


T* 2 
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word in a line contained 1, 2, or 3 letters. In 3700 lines such 
first words occurred 1317 times. The chance, then, that a 
first word contained 3 letters or less was 


P= Htt.9 =1— fp = Hes. 
The chance of finding r such first words in a page was 
approximately the r + 1™ term in (g + #)%’. 
The @ priori standard deviation is W/fgn = 2-913 = a. 
The occurrences were as follows. 


Number of first words Number of pages on which 
of 3 letters or less, these occurred. 
7 I 
8 2 
9 9 
10 6 
II 8 
12 17 
13 15 
14 12 
15 13 
16 5 
17 4 
18 2 
19 3 
20 2 
21 Oo 
22 I 


Average 13°17 = #; standard deviation calculated from the 
observations 2:90. Now calculate the number of cases to be 
expected in grades each of o measured from the average. 


Difference 


; 2 | ics. Occurrences. 
¥—-30=— 4°47 2 ="499 
¥—20= 7°37 . F a ame oe Mets a 5 
pinis = gig ’as et By ah 
¥+o = 16°07 F ? == +341 er of ee = 3° 
%+ 2o= 18°97 F (2 =°477 2:3 19 . 22 4 
¥ +30 = 21°87 F (3) =-499 : : 
100°90 roo 


In observations where the measurements are necessarily 
integral, it is not easy to adjust the grades to multiples of o. 
But where the observational grades are narrow, or the measure- 
ments continuous, this method (proceeding by equal sub- 
multiples of c) is rapid, and since the grading can be decided 
before the test is applied, affords a good and simple test. 

3. Asimilar experiment was made with a list of firms, in 
which there were 74 pages containing about 40 names each, Each 
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firm had been marked for administrative purposes if it employed 
a certain number of women. One-fifth of all the firms were so 
marked, On any page the chance of finding 7 firms was there- 
fore the 7 + 1 term in (¢ + #)*° where 


p=t,o = V(b. 4.40) = 253, pn = 8. 


Expected. Actual, 
Between pn+20 and pn+30 2. . «© -« 1-7 2 OF 3 
is +ho , +20. , ; s 3°3 5, 60r 7 
i +o , tio . «© © 6°8 4 0r § 
~ +o ,, +o A : ‘ ; II-O 9, 10, If 
i. ve) » cttor  . , P : 14°2 13 or 14 
- —}tc , +0 ‘ ; : ; 14°2 15 or 16 
—o » are 1I-O 8 
—jic , —¢o 4 se 6:8 7 
oe —20 , m~-3o . . «6. 6 3°3 2 
a —30 » —207 .« « « -» 1-7 5 


The alternatives in the final column are due to the difficulty 
of adjusting the entries to the predetermined grades. 

In this case the preliminary condition of independence is 
not completely fulfilled ; the chance of finding a marked name 
should not be affected by the presence or absence of marked 
names on the same page ; but in fact in some cases the name of 
a firm was repeated for each of its branches, and all the branches 
did or all did not employ women. 


Application to Sampling. 


One of the principal uses of the theorem relating to the 
number of successes to be expected in a given number of trials 
is in the examination of a large group by means of samples. 
In its simplest form the method 1s as follows. 

In a “ universe’ containing N things or persons, N possess 
a defined attribute, where N is known but # is not known. 

n things are selected at random from the universe, and of 
them /’n are found to possess the attribute. 


nN. Salas : ; 
If nis small,* and if in the process of selection everything 


in the universe has an equal chance of being chosen, and if 
the choice of one thing does not influence the choice of any 
other, then the chance of finding (fp + x)m things is given by 





* The necessary correction, when 5 is not negligible, is given below, pp. 282-4. 
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1 +? — 
—<¢ , where o = (44, and the table on p. 271 can be 

oVonr n 

applied. The precision, measured by increases with Wn. 


It is shown below (p. 417) that in evaluating o, the value 
p’, observed in the sample, can be substituted for the unknown 


true value #. 
The result may be stated thus: the value of # in the universe 


is p’ + ni ep), the expression meaning that p’ is the 


most probable value from the data, and that the chances of 
variations from p’ are given by the Table, p. 271, where the 
p' (i — p') 
" 
It is clear that this value can only be applied to the defined 
universe, the members of which have the chance of being 
enumerated. The importance of this and other conditions can 
be best illustrated by an example. 

In Reading 609 working-class houses were visited, and in 
154 of them it was found that there were more than 1 and less 
than 2 inhabitants per room. # = 600, p'’n = 154, $’ = 253, 
Vp'q'|n = 0176. The proportion of houses thus occupied is 
*253 + ‘0176. 

The “‘ universe ” here is the group of houses (about 12,000) 
from which the 609 were selected. This group was determined 
from a local directory, from which middle-class and large houses 
were eliminated by the help of a list of “ principal residents ”’ 
and by local knowledge, and non-residential houses were 
omitted. The accuracy of the measurement for working-class 
Reading depends on the completeness and accuracy of the 
directory and on the appositeness of the method of elimina- 
tion. If a rookery of slum dwellings had been omitted, by so 
much the universe would have been curtailed; or if a street 
of middle-class houses had been included the universe would 
have been extended, unless in the process of investigation the 
error had been found. 

In this case the selection was made by marking one house 
in 20 throughout the amended directory. It is shown on 
p. 332 that this gives a more precise result than if a purely 
random method had been followed. A general method of 


standard deviation (the unit in the Table) is 
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securing randomness is to give numbers from 1 to N to the 
things in the universe, and by the use of tables of figures or 
otherwise select » numbers.* Great care must be taken to 
ensure pure randomness or some method which gives a more pre- 
cise result than pure randomness. It was found, for example, 
that in the latitude experiment (p. 281) randomness was not 
obtained by selecting pages and dropping a pencil on names ; 
the entries in a page were not independent of each other. Any 
divergence from the rule that every item must have the same 
chance of inclusion may affect the result disastrously. 

Of course inaccuracy of information (e.g., as to the number 
of persons resident in a house) is to be avoided; but if the 
errors due to this source are equally likely to be in excess or 
defect, the result is not much affected. 

It should be noticed that the accuracy of the result depends 
on # the number in the sample, and not on N the number in the 
universe. The size of the universe only affects the problem 
in that, when the N things are numerous and scattered, it is 
difficult to get an accurate enumeration and secure that each 
has an equal chance of being chosen, and it becomes possible 
that parts are omitted from ignorance of their existence, which 
differ essentially from the major parts included. Further 
when # is small, ~N may be moderately large, while pm is 
relatively small. Now if pn is small, the approximation to 
the curve of error (p. 265) tends to break down, and the term 
involving « (= wail 

VE pn 
of the binomial (¢ + #)" should be used instead of the integral 
table. A little examination of numerical cases will show that 
for certain small values of # it is quite possible that no thing 
having the attribute will be found ; thus, if 30 houses in a town 
containing 10,000 houses are overcrowded, and 800 houses 
are examined, the chance of finding no overcrowded house is 
q"p®, where p = -003, g = ‘997, » = 800, that is -09; so that 
a report based on the sample might not contain reference to 
overcrowding, unless to say that there was no evidence of it. 


) is not negligible ; so that the terms 


* For example, if N = 10,000 and # = 500, we might take the last four 
digits of pages in 7 figure tables till we had 500 numbers all between 
o and 10,001, and investigate the things to which these numbers were affixed. 
This method was used in the experiment on the number of persons in a 
parish. See next page. 
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But if p = 03, q*P° is only about a, and some instances 


would certainly be found. As to the chances of occurrence of 
small numbers, see p. 284 below. 

Finally it should be emphasised that when the things that 
should be included are determined by marking in a list or 
otherwise, no difficulties of measurement should be allowed 
to stand in the way of their inclusion. Ifa householder refuses 
information, or part of a consignment of goods 1s out of the 
way, there is a presumption that the characteristics of the 
house or the goods are not normal, and unless the difficulty is 
overcome, some part of the universe is not represented. 


Examples of Sampling. 


1. The 12,830 civil parishes enumerated in the Census of 
England and Wales, r9g1z, were numbered, and 250 selected 
by numbers taken from logarithmic tables. The following 
table compares the distribution of the parishes according to 
their populations in the sample and in the whole group (which 
is set out in the Census Volume, Cd. 6258, p. 428). 


NUMBER OF PERSONS IN PARISH. 
Under  rcoto zooto 300to 400to scoto  r0ccoor 


100. 200, 300. 400. 500. 1000. more. 
Number of parishes in 
sample of 250. - 35 52 42 27 20 41 33 
1000 pf = wwe GO 208 168 108 80 164 132 
Py’ 
1000 ME aa. 8 22 26 24 20 17 23 21 


Actual per 1000 - 4152 192 147 108 80 173 146 


Here (to take the first column as an example) 35 were found 
in the sample of 250 with population less than roo. 
poe eee 
= 50 + 
The forecast per 1000 parishes is therefore -14 of 1000 = 140. 


The standard deviation of #’ is vf pee = 022, p. 278, and 


therefore the standard deviation of 10009’, i.e. of the forecast 
140, is 22. Actually in England and Wales there were 152 per 
1000 parishes with less than 100 people. The forecast differs 
from the fact by about half the standard deviation. (Statistical 
Journal, 1912-13, p. 182.) 
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2. From a list of the rates of dividends of 3878 companies 
400 were selected and tabulated. 


Rate OF DIVIDEND PER CENT. 
Below £3 £3 L4 £5 £6 £8 


Number of companiesin sample 34 108 117 60 48 33 
1000 p’ . ° ‘ . - 85 270 2924 150 120 824 
1000 P’ . ce © « 4 22 23 18 16 14 


400 
In full list per 1000. we 75 272 ZI 177 108 57 
(Statistical Journal, 1906, p. 552.) 


3. From a geographical index containing 31,210 names 
500 places were selected and their latitudes tabulated. To 
secure randomness the columns of names were numbered and 
selection made from numbers in mathematical tables; a foot- 
rule was placed over the column, and the entry against the 
number of inches on the rule determined by the first digit of 
the longitude of the first place in the column was selected. 
This elaborate method was found necessary to secure inde- 


pendence. 
LATITUDE, NorTH oR SOUTH. 
o* to 10° to 20° to 30° to 40° to 50° to gig 70° to 80" to 
50° 60” &° 


10° = 20° 30° 4°" 
Number of plac in 


sample é ‘ - 22 56 104 103 93 I12 9 I ° 
1000 p’ - 44 112 208 206 186 224 18 2 ° 
1000 fe ra q . 9 114 8 18 «7 —= Ig 6 ? ? 
In full list per 1000 - 5 QL 20% 200 200 215 x8 34 oO9 


Notice that the places north of 80° N. and south of 80°S. 
were missed in the accident of the selection. In another 
selection where ™ = 2000, I per 1000 were found in these 
latitudes. 

4. Out of the householders’ schedules of the rgrz Census, 
1 in §0 in order throughout the files were selected in Shoreditch, 
and the personnel of the households classified. 


OccuPIED PERSONS. UNOCCUPIED. 


Males. Females. = Total. 


Over Under Over Under Over Under 
, soyears. so years. 18 years. 18 years. 14 years. 14 years. 
Number of persons in 
sample . . + 538 112 310 74 386 718 2138 
1000 > .  e« « 25% 52 145 35 181 336 1000 


ro00 4/ FG : 9 5 8 4 8 10 ois 


Distribution per 1000 
from Census tables 258 55 144 33 185 325 1000 
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Case when the Universe ts not practically Unlimited or the 
Selections are not Independent. 


In the statement of the experiment which leads to the 
normal curve of error (pp. 263 seg.) it was assumed that the 
chance of success for each throw or draw was always the same 
(p. 26x), and that each trial was uninfluenced by what had 
already happened. In practice this condition is seldom 
completely satisfied, but we can prove in a similar manner that 
the normal law of error is obtained under a wider hypothesis.* 


Let a universe contain N objects, of which #N possess a certain 
quality or attribute, and gN do not (6+ q=1). Let aselection of 
n be made in such a way that every object in the universe has the 
same chance of being chosen. Write P, for the probability that 
én +x of the selected objects shall possess the quality in question. 
E.g., if the ‘universe’ is a box containing 1000 balls of which 
100 are white and the rest coloured, and if the contents are 
thoroughly mixed and 50 selected, then N = 1000, p = ,), (where 
white is the attribute), » = 50, n= 5, and P, is the probability 
that 5 + * white balls are present in the selection. 

The whole number of different possible selections is yCy. 

The number of selections in which pn -+ x are white and the 
remainder (qn — x) are coloured is Cpnyz X quCon-z. 


Hence P, = 2xCents X olan-e * 
Cn 
(DN)! (gN) 1 2! MI 
™ (on + x)! (PM — x)! Qn—x)l (M+ x) INT’ 


where M=N—4n4. 


Apply Stirling’s theorem to the factorials, neglecting =.= and 
pn n 
smaller quantities. (App. formula (134).) 
Pg = (DN)?™(QN)™(1e)"M"(pm) “?" (6M) -?™(qn)“™ (gM) “™N~* 
‘-4 pNqNeM \! 
° (27) ° e° ° ( 5 MamMIN) ’ 
the index of e being 
pn + pM + gn+ gM +N—f4N—gN—n—M 
= 0, since +9 =I. 


* Eg. the chance of obtaining 3 aces in a hand of 13 dealt from a pack of 
52 is Py = Cy xX ggCig + gCi3; here N = 52, nm 13, Puy, #= 2. 
P, = -041 approx. 
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When the indices are collected it is found that 


P, = (ou) o 8 © © © eo « © © © © © «© @ (27) 
P, (pn) | (pM) | (gn) 1 (gM)! 


P, (pn+x)! @M—a)! (n—x)! QM +2)! 


__ —(on)P"(M)* (gn) (QM) . (27)? o® . (bm. PM. gn gM)? 
(pn + x) F445 — x) PM =H (ony — 9) 2H OM + yyoeteth 


Po war (2 Ey 2 zy 
log Ps/Py=—(pn-t2-+4) log (14+ =)—(gn—2+4) log (1-5) 
—(pM—2-+4)log (2-35) (qM-+2+4)log(x+ i) 
—(pn+x+ on a i) 
H(oranti) Estat) 
+(oM— 2+ 4) (sue+ spam + =) 


“(Nie ste) 


2 a(— 5 pn bat qn qn ae eM — an) - “Gata + oi qn +35 *M + OM a 


+"Gataat mnt an) t-- ‘ 


n is of course less than N, and we may take it (without loss of 
generality) as less than $N and therefore less than M. 
Let pn and gn be at — moderately large, so that we proceed 


in ascending powers of —— Tia 
A solution is then obtained if we take = as a quantity com- 


parable with unity, and therefore = as of order —- and 7 as of 


Vn 


order =, as on p. 266 above. 
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Then neglecting terms of orders —= 7 and higher, we have 








= P+, ptaq_  #(n+M)_ +N 
log Pe/Py =— = (OS pqn + Pg pgM ot) 2pqnM —sti‘ézfnMI 
Write o° for ld 
_ 2 
oar 
t ai, ee 
and y = Ps = ~€ 2c8 
ov 2r 


This is the normal curve of error, and a (as above shown, 
formula (21)) is its standard deviation. 


ot = pan. 37" = pon (1 — 4) » + « (28) 


and is smaller than its value (gm) under the conditions of 
pp. 261-7, but tends to reach it (as it should) when N 
becomes indefinitely great. 





Law of Small Numbers. 


In the deduction of the normal curve from the terms of 
(pb +)" it was assumed that not only x, but also pgm, was 
large. An interesting case arises when # is so small that pn 
is no longer large, g being in that case nearly equal to 1. 


Let « = pn, and be a small finite number. 
us % 
Jaa ae 
The chance of » successes in independent experiments is 


fem nies 


wm 
(= D622). 


Neglect = ; then the product of the y—1 factors in brackets, 





which is between 1 and 1 — vo), may be taken as r. 
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Also (x _ “\" tends to e~*, and 


r= (ety fo (6) 


and to I, as - tends to o. 


In all P, =e“, < ee ew ee (20) 


I” 73 
when-—,— and — are neglected. 
n'n n 


ot = pgn = u(1— 4) “.o= Vu, approx. . . « « (30) 


oe (x- 2s) | vs {u(s = <I = = approx. . (31) 


The whole curve is then determined by , without separate 
reference to # and 4%, since its average is u, its standard 


deviation /u, and its “«” Ze. It follows that the values 
of » and m are not easily determined separately from 
observations. 

The greatest term of the binomial expansion is 





em Uys 
En = u | * 
when # is integral, and then 
ur-" 4! P 
P, = Pon. r| ee tf =8=*) 
u\“ 4 AG mi ‘ 


: 7 ; 
and this rapidly becomes small as 7, passes through integral 


values. E.g. if «=6, and r= 34, Ps, = -00004. 
Consequently the observed values never differ greatly from 
their average. Attention has been directed to the agreement 
between the fluctuations of small numbers and the law of 
distribution thus described, and examples have been given by 
Bortkiewicz (Das Gesetz der kletnen Zahlen, 1898) and 
Mortara (Annals dt Statistica, Serie V, vol. 4, 1912). It is 


* If « is as great as 10, this differs from ——— by less than 1 per cent. 


Fas 
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also interesting to notice that the theory leads to what may be 
called the permanence of small numbers. If among a great 
number of things there are a few which present some par- 
ticular feature, it is a matter of common experience that this 
small number is seldom much exceeded and seldom entirely 
vanishes; this experience applies to accidents, fires, the 
traditional ‘‘ Derby dog,” and to the rare events and coinci- 
dences with which some newspapers fill their columns. 
Specialists in all professions, from the doctor who treats only 
one obscure disease of the ear to the dealer in curiosities, make 
their livelihood dependent on this permanence of small numbers. 

To take an example: Out of some 530,000 deaths annually 
from all causes the following are the numbers from splenic 
fever in the years 1875 to 1894 :— 


5, 4, 10, 14, 12, 18, 9, 15, 8, 18, II, II, II, 12, 7, 4, 3, 6, 7, Io. 
Average 9°75 = pn =4. e7*= -00005842. 


r en rt Forecast. Actual. 
0 : ; : 00006 xX 20 m -OOI rs) 
1tog +. «+ . "0343 = :7 3 
549 - . "4504 a9! 6 
10, 14 . . . “440 = 8-8 8 
16) 5°09: &% <e 0683 = 14 3 
20 ; : ; small —_— 3) 


CHAPTER III. 


THE LAW OF GREAT NUMBERS (THE GENERALISED 
LAW OF ERROR). 


So far we have treated the normal curve of error as the 
limit of the binomial (¢ + )*, and shown applications of its 
integral to cases where # had a definite meaning. The same 


23 





equation y = —t—e **, however, is found as the result of 
Var 

much wider hypotheses, and it is the main purpose of this 

chapter to develop them. 

Before proceeding to the general law there are some 
important propositions to consider as to the relation between 
the standard deviation of a sum or average of magnitudes 
selected from a large group or groups, and the standard 
deviations of the magnitudes themselves. These propositions 
(pp. 287-9) depend only on the fundamental laws of 
probability, and are independent of any process of limits or 
of neglect of small quantities. 


Standard Deviation and Mean Cube of Error of a Sum and 
Average. 


Let 1, %y... 1... tm, be mm, measurements which form a 
frequency group, and let @ be their average and o, their standard 
deviation. 

Let = 2-+ u%’. 


Then m,2=Su and .. Se’ =0, 
and Mou" = Sw’! == S (ue ~ 2)4 = Ss,* — 22. Su; + m,2% 
= Sue? — 28 . m2 + m,a% 


and 1 Sut@=mit+a)... 
a (32) 
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Let v1, 0g..-%¢...Um, be m%, measurements in a second 
frequency curve, whose average and standard deviation are 0 
and oy. 

Now select at random one object from each group, say #, and 2. 
Required the average and standard deviation of the group formed 
by all possible values of %, + %, every double selection being quite 
independent of every other. Let H, be the average and s, the 
standard deviation of this group. 

We will suppose that an indefinitely great number of inde- 
pendent selections is made, so that in the new group the m, x mg, 


possible values of 1, -+ v; occur with equal frequency. 
Then H,xm, xm, 
= (Hy +0) +...4+(u +) +... +(+0m,) om, terms in 
(tg td) +... + (Ug te) +... + (Hg t+Um,) each 
os ewe Se ee a ee §6ORM pines 


+ (Um, 70s) + .-. + (tiny +0) +... (tn, +m.) 
= Me. Suet, . Sus = Mymna-+mym,v 
Oe gS OU ee ew ww (39) 
and m,m,(s,*+H,*)=S(us+71)? 

= (04)? + «A(T V ms)? + (Mg +04)9 +... + (Ug t+¥m,)®+... 

= mSty*+ m,Su2+2 . Sus . Sue 

= MM, (oy?+ 2%) +mm,(o,27+ 02) +2m,2 . meV 

= MMs} (ou? or") + (4+4)} 
- Si =oyF+o 2. 2. 2. © 1 e © (34) 


If the group was formed by the difference «, — v; instead of the 
sum, we should obtain in a similar way H,=4—¥%, but s,*=o,!+-0,% 
as before. 

Next let the sum (or difference) be formed from three groups, 
the averages and standard deviations being 2, v, w and oy, oy, oy 
for the groups, and Hy, s, for the sum or difference. 

Then 

Hs= a@tvtw,... . 0. « « (35) 
as can be readily shown. 

We can obtain s, by supposing “, and y first combined, and 
then a w added, and using the formula already proved twice over. 


Ss* = S,° + on? = oy? + 0,2 +047 . . . « (36) 


and the formula can be extended by induction to any number of 
groups. 
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A very important case is when the standard deviations of 
the original groups are equal, so that oy, =o, =... =<, Say. 

If the sum is formed from # such groups, and its standard 
deviation is s, we have 

s* = s,3 =o? +o%+ tom terms = no? 
and BSSCNR he «4. we ww @ 187) 

Next, instead of taking the sum of the ~ measurements, let 
us take their average. Every term in the composite group is 
then to be divided by #, and therefore the standard deviation 
of the group of averages, og say, will be the standard devia- 
tion of the group of sums divided by 1. 


S o 
a ye oa aR HG = ABD) 


Finally, if the average is taken of n items, all selected inde- 
pendently from the same (indefinitely large) initial group, so 
that the chance of selecting any one of the » items is not 


affected by previous selections, we have still o, = a 


In the following paragraphs it is assumed that the original 
measurements are all from the averages of their groups, and 
that thereforeo=# =v=...,ando=S#= w=... 


The mean cube for the sum of u, and y; is pete S(t, + v,)8 
M,M, 


: I 
and {maSu? + m,Sv? +3. SvSu* +3. SuSv%} =7 Sut 4 * S.8 


= uflg +g, the sum of the third moments about the 


average of the groups. 

Hence M;, the third moment of the sum of # items, all 
from one group, = my,, where pu, is the third moment of the 
group, and for the sum 


oS git a ° e ° ® ° (39) 


where «’ is for the group the value of ‘‘«’’ as defined in 
formula (8). 
« is the same for the sum and for the average of » items. 


Tr? 
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Genesis of the Curve of Error. 


We now proceed to the analysis which leads to the applica- 
tion of the curve of error. A quite simple case, which links up 
the two parts of this chapter, is as follows. 

If the original groups are represented by normal curves of 
error, it can be shown that their sum and average are also 
normal. 

For, if we write x, = 14; + v,, the chance of the concurrence 
of values of the parts #4, v; is 











I ud, I v's 
a | Par | 
E 2c, & —— € I 
O,V 27 Oy J 27 : 
u,2 (.c,-%,)8 
= : é “3 (5 o,* ) 
ZT Oy 


The whole chance of »,( + 6x) is obtainable by integrating 
this expression for all values of u, and equals 








- o,2+0,8 ( 27 y z,4 
ae i en 26,88 Gated! 6 We FteH dy 8x 
ZNO yy J -w 
2 
e,8 C x 
= (writing #’ for u — Ft), 
( 8 oy? + oy" 
Sie a8 co) a oy? + 9,3 ‘3 
eee ® é AXo,,3 ag g, ), bx e | é 2¢,,20,2 . du’ 
210 y7 - 
I a 
= (using formula p: 268) ——¢ 4s , 5x, where 5? =¢,? + 4,3. 
Sg Van 
I a 
The chance of the value * is, therefor as 
, efo e, San (40) 


The process is easily generalised by induction, and the 
chances of obtaining x from the sum and average of » indepen- 
dent selections from a normal curve whose standard deviation 
is o are respectively 


ni 


) 
I =; - 
awe ** and Vn, at 
oV2rn oV2r 


The same result is obtainable as a first approximation when 
the original curves are not normal, but satisfy certain condi- 


& @ i “(4T) 
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tions which are obtained in the analysis. The result is so 
important that two proofs are given in the following paragraphs. 


Proof by the Multinomial Theorem. 


In this proof it is shown that the moments obtained by 
an extension of the method of the preceding paragraphs 
(formule (33) to (39)) are for all orders the same as those of a 
normal curve of error with appropriate standard deviation. 

Let there be » elemental groups containing m,, m,... %n 
measurable things respectively; in any, the /", group, let 
the average, the standard deviation and the moments about 


the average be 1, o;, te, 3--.,and let the items be 
te + My, het Mg, +.) Me tile... 
Then ,@, + te +... +1... =0. 


One item is selected at random from each group, and 
such items are added; it is assumed that the selections from 
different groups are independent of each other, and that the 
chance of obtaining a particular magnitude from one group is 
not affected by previous selections. 

In the st* selection the sum is H + E,, where 


H=a#,+4#,+...+4%, and E,= 14, + 9% +... + nt 


Let s, My, M,... be the standard deviation and moments of 
the frequency curve of E,, that is, of the frequency curve of 
the sum. 


M, = s*= mean of all possible values of (,t4, + tte + . - . nt) ®. 


There are m, X my X... X m,=N, say, such values. Then 
generalising the process of p. 288, 


M, =! x15 +5, Sat + : 1 + wae Si Seto} 


MMs 
=o,3+0,?'+...+o,3, since 0 =S.%#=Syu=... 
Similarly 


My = 5 Slats t ate te-. + nth) 


_1fN N 3° N 
=H lp St 5 St + ° } + 3 {5 SanSt + +} 
mm sity + gts t+... + ng, SinceO=S.w, etc. . . . . © (42) 


1? 2 
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‘ ot SS 
12 
+7 i NN _s asa). 
6(N ‘“ 
+x lm S,48.S,% : a i" 
+ tT | mm, S ,uS,uS,uS,u + ee . 


Mm, Mmm 

= that atta tees tng t 6 (oy20q" + oyfog* +00. +). (43) 

s M,—3s* = Seg +6 (0,80 e+ x )—3 (c to e+ oe = S(yg—30e4). 

If the standard deviations and moments of the elemental 

curves are equal, so that o, =o, =... =, alg = giig=... =f 
etc., we have 


oC 
s for the sum =oVn, oa for the average = vo (44) 





net M; Nps a K’ 
x, for sum or average, = at ea © ¢ (45) 
where «’ is the ‘‘«’”’ for the elemental curves, 
= — 3¢ 
in erg ed) 
sum of the ‘‘x,’ — 3’’s for elemental curves 6 
_—_es oor 8) 
Hence « tends to zero as W/m becomes large, and x, may be taken 
oe a i 
as 3 if 5 is negligible. 


To find higher moments, we need to evaluate M; for any 
integer ¢; that is the mean of (\u+,%+...+4,%)', which 
(by the multinomial theorem *) is the mean of 


t| 
Sater eo 


* The multinomial theorem is an extension of the binomial theorem; the 
following is an outline of the proof. 

The product of ¢ factors 

(Gy +O, Oy. - -) (gt Og tog .. 2)... (G+ dpbee+...) 

sethe sum of all possible terms such as a, a, by ¢, dg bg... hy, each suffix 
occurring once. 

The number of such terms in which an a@ occurs », times, a 5 », times... 
is the number of ae of # things taken altogether in which #, are 


alike, #, alike .. ae nt. 
etc., and we obtain the result a the text. 








. Now write 4,4, .,.2,4,b, mbm... wt, 
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when all possible terms subject to the condition 7, -+,+... =é 
are summed. 
First take the case where ¢ is even. 


M, = sum of means of the terms eae 14). gu"*... 
n,\ngl... 

when 1, +7,+...=2 

(2t) | 


. Mean ,u" xX mean .u™ X..., 
in! 1 3 
1 3 ee 


== sum of terms 


since from the independence of selection from the different 
elemental curves each ,# occurs with each wv... with equal 
frequency. 

. M, =sum of terms 

(2¢1) 
n,\ gl... 

Now restrict the analysis to the case, where the standard 
deviations and moments of the elemental curves are equal, so 
that jpn, =2hn, = --- = Mm, ete. 


o aftny + gftng- ce 


Let there be f factors yn, g4a,---, in any selected term. Then 
such a term occurs ,Cy times in the various guises 


afin, X afng X shang tng X gfn, X ging >>, tng X oftng X aftnys 0 ey 
each of which is identical with 
Pen, X png X Png ee ee 
Hence M,, = Sum of terms 


2t| 
lay! ml... bm % Bae X er) 


where all values are taken subject to the condition 
Ny + Mg tee = 2b. 
Now s* = 203, s¥ = n!. o®, and 


oCy=n(n—1)...(n—f + a)/f1 


nC 


es *y = sum of terms 
(2t) | (x-2)(2-2)....-—) wt tn Be 


ml ml... fl “af am om 


294 ELEMENTS OF STATISTICS 


It is now necessary to restrict the elemental curves so as to 
satisfy the condition that = is finite for all values of 4, 


t.e. that Mean (=) is finite, or that the effective range of the 


curve is comparable with its standard deviation. We have then 
to consider which of the possible terms is finite and which of 


order = or higher. 


Since p, is 0, each of #,, #,, etc. is 2 or more in every term 
that is not identically zero; hence since the sum of the f terms 
ft, Mg... 1S 2t, the greatest possible number of such terms 


is ¢and f }?. 
If f<#, the fraction id is of order = or higher. 
If f=?, then 2=, = m,..., and we obtain, as the only term 
when = is neglected, 
(2t) | r nt (4 f_ 2! 
Ue 
since bg = o? and 


I 2 f-I 
(x—2)(1-<)...(:-) 
is between I and 1 fie») : 
Hence My = 3 20" 13.5... (2h—x)st, ~ « (47) 


when terms involving = are neglected. 





By a similar argument 
Mory1 (2é+1)! © wf Has) (He) 
eeey DUNC tems lal Al athens 


Here there is no term not involving a power of »# in the 
denominator, and the greatest term is found when one of the 
quantities ”,, 7,... = 3, and each of the others = 2; so that 


2+Il=m+m+...=2(f—1) +3 ~=2f+1,andf=t, 


and we have f equal terms obtained by putting m,, 1, . 
successively = 3. 
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a 


t~ a 


= fx (2t+1)! tpg oy 
gt-1, 4 13 "tin a 


t 
ae at+i. yee o ee (48) 








*. My, = 0 if terms involving 7 are neglected, 


t 
and — 0 ee « (49) 


e M 
since = aves if terms in —-- are retained, and terms in 


Vn.o® Ti 





I 
. neglected. 


These moments are (see formula (23) and Appendix, Note 6) 
precisely those which are obtained from the curve 


x3 
I ~ O58 


QT , 





dae 


if = is neglected, and from the curve 


Vn 
a 
I K {xX x x8 ae 
I—~—(-—-.5)}ie ™, 
SV 2r 2\s 38° 


oe See ; I _ Ms 
if Ta is retained and . neglected where « = a 

Hence, if we may take identity of standard deviations and 
of all moments as implying identity of curves, these equations 
are the first and second approximations to the curve of 


frequency required. 





Y= 


Professor Edgeworth’s Proof. 


The proof given by Professor Edgeworth (‘‘ Law of Error,” 
Camb. Phil. Trans., Vol. XX., Part I., 1904) is briefer and more 
general, but it involves rather more difficult mathematical 
conceptions, which it was the intention of the analysis just 
given (which is essentially based on Edgeworth’s work) to 
avoid. 

Edgeworth gives a formula for any number of successive 
approximations, but the outline which follows is confined to 
the first two. 

With the same notation and conditions as before, 
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Let E, Se 1% = qe 4 eee atte. 


Let a be any fixed small quantity, only used to select terms of 
the same dimensions, 


Then ¢° = ¢%: 1%, ¢%-3% | ¢%-a% ||, identically. 
The mean value of e*°1“, that is the mean of 


a? a? 
(I Fah ot pa +...) 


at a8 
=I ay to ata ty yg teens 
where = 4p, = 0. 
Since the selections from the different elemental curves are 


independent, the mean of the product of e**1 x e*-2" x... =the 
product of their means. 


a 3 
Ae t+ o.My + 2M, + <M +... = Product of » factors 
a? as 
such as (I+ > - tat wat ee.) 
3 
2 
oe log (t+ aM, +—M, +...) 
t=n a® a? 
=S __logtz Tz tat peat +) 
at a? at 
= gla TG + Silat oF Site tea Is(a te +. rm) 
2 
oe 


os at 
Bil Sta ag (Sey — 85 (eé49)”) 
a 4 é 


e” 
(+2 Sig t.. +5(F “Sig) + «. (t+ £ Sut ...). 


(+ ${Sue—35u4)*} +...) 0s 
Equate coefficients up to a, 
M,= 
S$? = M, = Sip, = Soe4 = no4, if o* is the mean of o,%, o,?... 
My = Sipg = yg, if wg is mean Of 1H, gig... 


M w= = ; ¢ : Su) + = (Som — 3S (u4)*) 


24 2 
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*, Mg— 354=S(,4, — 30-4), and n.—3 = Ms —3= abs —3)o¢ 


== (ke! — 3), if my’ — 3 is mean (i 7 s)(z) 


=): 
My, ps, *’ Hs 
c= — Oe ——, where x’ =—. 
* nt® Vn : 
Hence 
a® ay, ay 
I+ 3s +3 ate. t Me... 


mi (rthat Seed. (tte leat.) 


On the right-hand side of the equation in every case the 
index of a equals the suffix of » or the sums of the suffixes 
of powers or products of y’s. 


Now assume that throughout the elemental curves fe is 
finite for all values of #, and it results that the coefficient of 


a?’ . s? contains the factor 





ao) as has been worked out above 
up to a. 


Neglect = and all higher powers, 
n 


I $Esth..FEMt.. Ife ‘t+... +5 : rn Fee. 
.*. every odd moment, M,,,,,=0 
and an even moment, M,, = (2/) jo =1.3...(2—1).s* (50) 
as in the normal curve of error (formula (23)). 
Now retain a and neglect - ‘ 
M,, is as before. 


Myer Tce I og 

(2t+1)t (t—x) 12°? 6 Vn 
(2t+-r)! 52-2 é 

Masa poay ight oo Mag 3-5. ++ (2+). My. so8, 





that is, the (2/+1)" moment of the curve 


I K/* I0\) -% 

renee) Celt ea ag 
: mat *(; = a)fe 2 e e «© (51) 
(see Appendix. Note 6). 
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Hence, by the test of equality of moments, the curve of 
frequency of the sum or average of selections under the given 
conditions has for its first approximation the normal curve, 


when —~ is neglected, and for its second approximation the 
n 


Vv 
skew curve already given. 
Further approximations, which so far have been found 
mainly of theoretic interest only, are given by Edgeworth. 


Statement of the Generalised Law of Error, or the Law of Great 
Numbers. 


The theorems now proved can be summarised as follows, 
the conditions of validity being restated and amplified. 

Let there be a large number (m) of elemental groups, each 
of which can be represented by a frequency locus, such that 
the chance of obtaining a magnitude U by selection from a 
group is a function of U. 

Form a total, H, of » things, one selected from each group, 
so that the selection from one group has no (or very slight) 
effect on the selection from another ; and obtain many values 
of H by repeating the process, in such a way that the selec- 
tions which make one value of H are not affected by the 
selections which make other values.* 

Then if the frequency loci of the elemental groups satisfy 
certain conditions, the frequency locus of H has a definite form 


x3 


e * isa first, and 





to which y = IS 


2? 
I "of K(x x8 
yet -5G-7 a) 
is a second approximation, where s? is the second moment and 
«s® the third moment of the locus. 
The frequency locus of the average of the m magnitudes is 


of the same form as that of the sum, and « has the same value in 
both cases. If s, is the standard deviation of the average, 








* If the selections from one elemental group are not independent, but the 
magnitudes tend to come in batches, then more values of H are necessary 
to obtain any given approximation to its final frequency form when an 
indefinitely large number of values are taken. 
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Cc 


S, = , where s =oVn and s, = Ta if o is typical of the 
standard deviation of the elemental curves. « is of the order 
7 in comparison with 1 in the frequency equation of H, and 


only the first approximation is necessary when m is very 
great or when the elemental curves are symmetrical, in which 
case x = 0. 

The condition that must be satisfied by the elemental 
curves is that, if 4» is the #* moment and o the standard 


deviation of any one of them, S is a small finite number *(that 





can be neglected when multiplied by 


: a 
n 
this is secured when the great bulk of the frequency curve is on 
a base containing only a small multiple (1, 2 or 3) of its standard 
deviation to left and night of its average. This condition is 
quite generally satisfied by ordinary frequency groups when 
” is at all large. 

The first and the second approximations are only valid for 


for all values of p; 


moderate values of =, since beyond these the contributions of 


further approximations become sensible; it is only the 
central portion of the frequency curve of H so generated that 
is determinable ; the outer portions have no general form, and 
it can only be postulated that their aggregate volume is small, 
and that the chance of exceeding, say 3s, is negligible. The 
range that is to be understood by “the central portion ” 
depends on the value of »; as the number of independent 
elements increases, so the range of the determinable form 
extends. In ordinary cases with » as great as 100 it may 
perhaps be said that the frequency curve 1s known over a range 
of 2s on either side of the origin. 

It follows that the applicability of the law of error to given 
observations should not be denied on the ground that the 
positions of extreme values do not conform to the law. 





* More exactly it is only the difference between this ratio and the corre- 
sponding ratio in a normal curve that is involved. 
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Case when the Universe ts Limited. 


On pp. 287 seg. it was assumed that the selection of one 
item did not affect the chance of further selections. 

As on p. 282, we will now examine the case where the 
universe from which the selection is made is limited, so far as 
the determination of the average is concerned. 

Let a group of » things be selected at random from a group of 
N things, whose measurements are @ + #4, 2+ %,..., @+ uy, where 


#2 is the average and Sa =o. Write H+E for the sum of the 
measurements of the ” selected things, where H = na. 
There are ,C,, equally probable values of E, such as 
Uy t+ Ug Ugt... + Un 
Us tus tut... + Uy 
The sum of the values is easily seen to be zero, and therefore 
the mean value of E = o. 
Let s be standard deviation of E. 
Then xC, . s? = sum of yCy squares, such as (#, + #, + .:.-+ %n)® 
each containing ” terms. 
In the sum each square, such as «4,4, occurs = X xC, times, and 


—I : or Sas 
Me X yC, times, since in all 





I 
each product 2%, occurs —. x 





aC 
there are  X ,C, squares and se X xC, products. 
N n 
co Cn t= x Cy. Sud +2. aa —%. Co « Stet 





n(n — = 
| ae 3 +; | 
where o is standard deviation of the ives se from which selection 


was made, 


n(n —I 
= no? — adel o*, since Suw=0 


N--1n n 


=o. nyt aon. (1-5), a ae oe ee ae, 452) 





if i is negligible. 


Let o, be the standard deviation of the average (2 + =) of the 
n selections. 
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" 
Then rom (x—§). >. © @ @e@ @ (53) 
If N is indefinitely great, we obtain - as before, formula (38). 


By neglecting — we exaggerate the standard deviation. 


It can be shown (Isserlis, Stat. Journal, 1918, pp. 75 seq.) 
that the frequency of the sum or average is very approximately 
normal, when N is large as is generally the case in practice. 


If we use the table on p. 271 with the value = we 


exaggerate slightly throughout the chance that a deviation 
exceeds any given amount. 


Note.—That the law of great numbers is obtainable from the 
limit of the terms of (p+ g)", as shown above, can be proved as a 
special case of the general analysis. 

Let each elemental group contain gm zeros and pm units, where 
p+q=1. 

The constants of such a group are 
qm Xo+ pm XI 

qm + pm 


{= = p. 


qm 
pm 
OA t 


pm, qm are at distances + ¢ and — ~ from the average, A. 
9m (— p)* + pm (9g)? _ 


Ms Ee ge o= VPq, 
fet UP) + Pg)? _ 9? 
o (pq)! Pq 


Form a total by adding selections one from each of # such 
curves ; this satisfies the conditions for the formation of H above. 
The total has a frequency curve gen oT pn, standard 


deviation oV/n = Vpqn, and «= Wa = as already found, 


rt 
p. 264. 
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Illustrative Examples. 


In its integral form the law of great numbers, so far as the 
second approximation, is 


2 x?) x 
Lo Foe ~*) “aI 
= fre dx 1 (x = é 
=| a 
Magia oN ze 
= F(z) Faxf(z),. 2. 2 6 6 ew ew we ww ew «(54) 


wliere P (x) is the chance of a positive deviation from the average 


not exceeding 4, z=, F(z) is tabulated on p. 271, and 


{y — (1 — z*) e~ ##*} is tabulated on the next page. 





P(+2)= 


Cc 





{r — (t — 24) e-#} 


I 


k= a and ys and o are the third moment and standard devia- 





tion respectively of the curve, calculated either @ priors or from 
the observations. 


Fight examples follow to illustrate the method of fitting 
the curve to observations. In the first two (words and bricks) 
the genesis of the measurements leads one to expect agreement 
with the law of great numbers; in the next two (skulls and 
plaice) application to biometrical measurements is shown ; in the 
next (ages) there is an indirect relation to mental phenomena ; 
in the last three (speeds, food consumption, and prices) the 
nature of the variation is complex and sporadic, and the form 
of the frequency curve could not be forecast. 

Only the first example is worked in full. 





* See Appendix, Note 6, for the integration. 
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TABLE OF VALUES oF f(z) = — | x- (r— aye}. 


6V 2x 
J (2) 
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1. A lengthy book was selected, and a number of letters in 
each of the first completed words in 10,000 consecutive lines 
were noted (A), also the total number of letters in the 
1000 batches obtained by adding the first 1o entries, the 
second 10, etc. (B) ; and roo totals were similarly obtained by 
adding batches of roo (C). 

The curve of frequency of A is purely observational, and 
its form cannot be foretold; that of B tends to satisfy the 
conditions under which the law of great numbers appears, but 

"is only ro, and unless A is nearly normal the form can 
only be foretold in the central region; in C, with “”’ 100, 
the second approximation should fit over a_ considerable 
region, and the first approximation will be sufficient if A is 
fairly symmetrical. 


A,—DISTRIBUTION OF 10,000 WorpDS ACCORDING TO THE NUMBERS OF 
LETTERS IN THEM. 


Observ- 

















ations. * Diff. 
Number of letters. y xy sty £3y ‘ F(s)* x 10,000 
ror ‘sto 1g —7 127 - 889 6,223 - 43561 | —1'62 0°447 490 
2» Sy 25 =—6 1,792 | ~30752 64,512 -387072 | —1'27 = +398 770 
3 25 35 —S5 1,984 | — 9920 49,600 -248000 | — ‘92 +321 t,020 
45 350 45 —4 1,240 | - 4960 19,840 - 79360; — ‘58 ‘219 1,280 
5S» 455 55 3 968 | - 2904 8712 — 26136 | — °23 bet 1,390 
6» SS» 8&5 —2 B12 | = 1624 3,248 - 6496) + "12 -048 1,330 
7» S55 75 =I 893 | - 893 893 - 893) + 47 18x 1,130 
8, 75 85 ) 634 o o o| + 82 294 850 
9n 8&5 9S r 602 | + 602 602 + 602] +217 +379 570 
10 yy 9°5 » 10°5 2 460 | + 920 1,840 + 3680) +192 °436 $30 
IX yy TO°S ,, I1°§ $ 260 | + 780 2,340 + 7oz20| +187 +469 I 

12 ,, IIS ,, 12°§ 4 116 | + 464 1,856 + 7424 | +2°22 +487 80 
T3 9) 12°5 5 13°5 5 69 | + 345 1,725 + 8625 | +257 °495 $0 
14 5s 13°5 oy 14'S 6 ar | + 126 756 + 4536 | +2°92 +498 10 
15 yy 14'S yy 15'S 7 18 | + 126 883 + 6174 | +3°27 499 x0 
16 15'S » 165 8 4\)+ 32 256 + 2048 | +3°63 °§00 0 

10,000 | —31942 163,285 —791518 

+ 3395 + 40109 

— 28547 — 751409 


Eom —2°8547. Frage Be A Ss 
Mg ™ 16-3285 — 73 =m 81792, om 28 
Mg = —75°1409 — 3 (—2:8547) (16-3285) + 2 —2°8549)3 a 18-1704. 


e-m = Jae 78. 
a 


For calculating the moments an arbitrary origin has been 
taken at 8. 


In fitting the normal curve s =~ = *. The first entry 


F(z) = -447 shows the proportion included between the average 
and °5 letters (v=—7.5). The normal curve gives 530 instances 








* Table, p. 271. 
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below -5 letters, and in other respects the last column is not a 
close approximation to y, the observations. The original curve 
is not normal, but it is unimodal and continuous, and in spite 
of its skewness the great bulk is contained in the limits 
#% +20. Hence we have all the conditions for obtaining the 
law of great numbers if we add elements taken at random from 
the curve. 


B.—DISTRIBUTION OF 1000 SUMS OF THE LETTERS IN 10 WoRDS. 


Differences Observa- F(s iff 
gare . F(s) X 1000. tions. St ey oe Fig coon 

4 ° o 

26°5 — 2°650 -496 078 -528 
13 8 8 

31°5 —2-119 -483 -OOI *520 
39s 38 37 

36-5 =—1'588 "444 "095 “483 
89 97 99 

41°5 — 1°057 "355 ‘O71 384 
154 155 173 

46:5 — °526 ne "025 mt 

203 227 213 

51°5 + +005 *002 "000 "002 
202 202 Ig! 

56°5 + +536 "204 026 "193 
153 134 135 

61°5 + 1-067 "357 "072 -328 
88 76 78 

66:5 +1598 "445 095-406 
38 37 40 

71°5 + 2-129 -483 “Og! -446 
13 13 18 

76-5  +2-660 496 078 "464 
3 9 7 

81-5 +3191 “499 “069 “471 
r 3 2 

86-5 +3°722 *500 :067 *473 
° I re) 


For the 1000 sums the average 1s 51'453, o = 9°4155, 
« = °4093. The sums are all between 26 and 87. The calcula- 
tion of the columns z, F(z) and Differences are on the same 
method as for A. The normal curve now fits much better, 
and in the range 31°5 to 76:5, that is, average + 2c, there is 
nothing to be desired ; but the formula gives too many below 
31°5 and too few above 76:5. 

The second approximation gives a very close fit throughout, 
except that it fails to stretch so as to include the one entry 
above 86:5 (see p. 432 for test of fit). 





* + for negative values of z. t+ Table, p. 303 
x* 
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We should have expected to find that the standard devia- 
tion and « of these observations were the standard deviation 


(2860) and « (78) multiplied respectively by V/I0 and —- 


(formule (37) and (39)). 

But 2-860 xX V1I0 = 9:04 and -8r + 10 = -25, whereas we 
get from the B observations 9:42 and -41. This points to a 
failure of complete independence in the aggregation of the 
io words; and analysis shows that the author’s style 
changes from the earlier to the later part of the book, so that 
there is some correlation between 10 words taken consecutively. 
In fact, when we sum 100 words consecutively as in C, we get 
o = 33°311 instead of 2-86 x /100, while when the order of 
summation was re-arranged so as to include entries from all 
parts of the book in each 100, o@ was 28-87, which accords 
with theory. 


C.—DISTRIBUTION OF 100 TOTALS OF THE LETTERS IN 100 Worpbs, 


ifferen bserva- 
gira 7 1 aa naa Ne 
415 —3°001 °499 
7 I 
435 —2*400 *492 
2-8 2 
455 — 1-800 "464 
79 7 
475 —1°200 "385 
16-0 19 
495 —°599 "225 
22:5 25 
515 —-Oor “000 
22:6 18 
535 + -602 +226 
15-9 18 
555 -+-1-202 *385 
79 6 
575 +1-803 "404 ee 
; 3 
595 + 2-403 "492 
27 re] 
615 + 3°003 °*499 
I I 
635 +3604 “500 


The agreement between formula and observations in this 
table is very close (see p. 432), and cannot be improved 
perceptibly by using the second approximation. 

This experiment, which was devised with the definite 
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intention of illustrating the law of great numbers (and the 
correlation surface, formula (102)), has thus proved to be 
completely satisfactory, even in .that it also illustrates the 
difficulty of securing random selection. 

2. In a garden the paths are bordered by bricks originally 
laid (but not mortared) lengthways touching each other. After 
they had been exposed for some time to the influences of 
weather and of gardening operations, the lengths occupied by 
143 sequences of 4 bricks were measured as nearly as possible 
to the nearest sixteenth of an inch. The causes of variation 
were—inequalities of the bricks as they came from the mould, 
inequalities in the slight interval between one and the next, 
displacement since they were laid, and difficulties of measure- 
ment. These causes are multiple and independent and each 
of small effect. It might be expected that their effects can 
be expressed as the sum of errors, and that the distribution of 
the measurements would be approximately normal and 
symmetrical. 


DISTRIBUTION OF LENGTHS OF FouR Bricks. 





a na ot 
35 I 7 
3518 I I-4 
35% 3 2°7 
351% 7 5°1 
354 II 8-0 
351° 4 (1-6 
352 21 15:0 
3518 7 17°7 
35% 390 18-3 
35x%e 16 17°5 
35% 13 14-9 
35H 6 11-4 
352 II 79 
351% 7 5°0 
35¢ 4 27 
35tt I 1-4 
36 ° 6 
143 142°9 


x* 2 
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Except for an obvious tendency to give the measurements 
to the nearest 4th of an inch instead of the ,,th, the fit is fairly 
satisfactory. When this tendency is corrected the fit is very 
good. 

3. I am indebted to Professor C. G. Seligman’s Some 
Aspects of the Hamitic Problem in the Anglo-Egyptian Sudan 
for the following measurements, whose frequency groups I 
analysed at his request. 


SKULL AND STATURE MEASUREMENTS OF THE DINKA RAcg. 


Cephalic Index. Nasal Index. Stature. 
Grades from F(s). Difference Observa-| Difference Observa-| Difference Observa- 
average. x 148. tions. x85. tions. x 116. tions. 
2 2* “I o I fe) 
Over 3¢ - °4986 
9 Y 5 I 7 2 
fo— ° e -4938 
2°3 2 I°3 oO 1°8 I 
20~- . - 4772 
6°5 4 3°7 4 5°t I 
fo~ - + °4332 
13°6 14 7:8 6 10°7 6 
o- . « °3413 
22:2 18 12:8 13 17°4 22 
aan! e e *IQI5 
2 28-3 30 16°3 27 22-2 24 
Om . ° Oo 
es 28-3 30 16°3 12 22°2 25 
ss ° e *IQI5 
a 22-2 25 12-8 8 17°4 23 
—GC se © °3413 
13°6 13 7:8 6 10-7 6 
—§o . + 4332 
6°5 7 3°7 4 5st 4 
—2¢ ° ° °4772 
2°3 2 I-3 3 1-8 I 
—fo . . +4938 
9 oO 5 I 7 I 
Under —3c. -4986 
2 fe) 5 o > re) 
Total . 148 148 85 85 116 116 
Average. —_ 72°7 — 91-6 — 178-6cm. 
Standard de- 
viation . 3°70 13-0 9°66 


Except for the two extreme cases marked * the range is 
normal, and the deviations from the normal curve are not 
greater than is to be expected with so few examples. 

4. The lengths of 554 plaice measured in the North Sea 
Fisheries Investigation gave the following results :— 
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“ 4 roy ise One 
I°3 o 
35°5 2-825 4976 
9°2 6 
34°5 2°076 “4810 
40°6 50 
33°5 1'327 °4077 
104°9 105 
32°5 °578 °2183 
158-6 166 
31-5 — “171 0679 
140°3 145 
30°5 — +920 °3212 
72°79 61 
29°5 — 1-669 4524 
22-0 10 
28-5 —2°418 °4922 
3°9 7 
27°5 — 3°167 "4992 
°4 3 
26-5 — 3916 °5 
re) I 
25°5 — 4°665 5 ain 
554 


Average 31°778; o = 1-335. 


The agreement is not close at the extremities. 

5. The number of school children of various ages in the 
sixth grade are given in a report of the public schools of 
St. Louis, U.S.A. 

The following table compares the data with the first and 
second approximations to the law of great numbers :— 


Number of Numbers calculated from 


Ages. children. ist Approx. 2nd Approx. 
10— 26 39 27 
1I~ 201 207 204 
12— 673 630 670 
13- 1,001 983 995 
14- 739 785 746 
15- 310 323 3°7 
16— 80 67 79 
17— 13 9 15 
I a I o od 


Average age, 13°665; @ = I-190; « = °2059. 


The first approximation fits well within 2c of the average. 

The second approximation is remarkably close to the 
observations (see diagram in Appendix, Note 6). 

6. The speeds of 100 pedestrians were calculated from 
observing the time they took between two marks (Die Schwan- 
kungen der landwirischaftlichen Retnertrdge—Mitscherlich). 


- 
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Average velocity, 15846 metres per second. o = °2179 m. 


Numbers at various speeds. 

Speed. Calculated. Actual. 
Average -+--Somormore. . . « oD 2 
+-40 to +50 : eS 2:3 2 
+:30 ,, °40 2, ee. Ss 50 4 
+°20 ,, °30 ‘ ‘ é 9°6 II 
+-10 ,, °20 e io 8 14°3 10 
°o , °*r0 - ae ue 17°7 18 
—I0 ,, oO e i : 17-7 20 
—°20 , —*I0 a ee 14°3 15 
—:-30 ,, —°20 ne 9°6 8 
—"40 4, —°30 . ° ° 5:0 q 
—*50 ,, —°40 - @- 4 2°3 3 
—-50 or less e a we I! o 


7. From material collected by the Working Class Cost of 
Living Committee, 1918, the expenditure on food in one week 
by 970 urban families was determined, and the results divided 
by the number of “ equivalent adults ” (where a child is taken 
as a fraction of an adult). The average was 10°75s ; o = 3°156, 
x = 84. 


Number of Families. 


Week! di Calculated b Calculated fi 

“ init’ von food. oa Actual. cad aperoe’ Pearson's Type IIL." 
Not exceeding 55s . . . 18 22 7 

5°58 ° * e e e e 107 123 122 

TS «© © © © « -¢ 255 233 252 

9°5 ee fer See 245 248 250 
II's a ee ee ee ee 173 168 172 
135 6 © «© © 6 101 89 95 
1535 6 6 ek 38 51 45 
175 6+ © «© «© -« 17) 22 19 
195 + © © «© « 6 9 (33 II 735 7727 
Over215 .« «© «© « 7 { I | I 


B, = +708. By = 4:035. 


8. The price of flour was determined in U.S.A. in 272 places. 
In five towns the price was given as 4 cents per Ib., and 
these were evidently exceptional and are excluded. For the 
remaining 267 the average was 2-629 cents per Ib., and o =-3334. 





* See p. 345. 
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Towns CLASSIFIED ACCORDING TO THE Prick oF FLOUR. 


Average. Leap mma Actual. 
-+ 30 or more 5 4 2 
+§cto 3¢ . 1-3 3 
+2¢ ,, $o ‘ 4°4 I 
+c, 2 é 11-8 9 
+o , . . 24:5 16 
+to,, ¢ . . : 40°0 43 
°o |, @06=64¢ ° : ‘ 51-1 67 
o 
~~? o? re] e e e e 5I-f 47 
o 
—o¢ ry} ~~? ® e * e 40°0 37 
—jo ,-—¢o . . : 24°5 25 
—2c ry) —te e ° ° 11°8 9 
—to ry) —20 ° ° ° 4°4 4 
Less than — $e ‘ ‘ . 1-7 4 


In the range average + 2c the agreement is fairly satis- 
factory and satisfies the test explained below (Chapter X). 


CHAPTER IV. 
APPLICATIONS OF THE LAW OF ERROR. 
Precision of Sums and Averages. 


It follows from the previous chapter that if » measurable 
things are selected at random from a universe where the sizes 
are distributed in a frequency group which is fairly con- 
tinuous, and little of it far from its average as compared with 
its standard deviation (c), then the average belongs to a 
frequency curve whose standard deviation is o//n and its 
form approximately normal. 

o has generally to be determined from the observations 
themselves, and may differ from that of the universe, but only 
by a quantity of order WP x wr (see p. 417 below). 

The first illustration that follows (persons per tenement) 
gives 12 cases where the averages of samples are compared 
with the averages of the universes of which they are samples. 

The two following illustrations (digits and latitudes) show 
how the distribution of a number of averages agrees with the 
normal curve of error. 

In cases in which the theory applies, not only the standard 
deviation of the average can be given, but also the chances 
that the error of the average will exceed any given multiple 
of that standard deviation. 

Since the universe is unknown it cannot always be stated 
whether its frequency group satisfies Edgeworth’s conditions 
(p. 299) or not. We can sometimes test this from the samples 
themselves. Suppose that we take k samples each of m’ items, 
and form their averages 7,, 7, . . . # into a frequency group. 
Then if the conditions in the universe are satisfied, this 
frequency group should be approximately normal, but not 
completely normal if #’ is not large. If this is the case a major 
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sample may now be formed consisting of » =n’ x k items. 
Its average equals the average of #,, #,... 4%, and 
as it is formed by selection of & things from a group, 
which, being approximately normal, satisfies the conditions 
in question, we may expect that the error in the 
major average has normal frequency with standard. 


deviation ay where o is calculated from the 2 observations. 


Vn 


The & quantities #,, #, . . . #, should have for their standard 
deviation Ta approximately. 


Thus in the example on p. 315 below the distribution of 
the 2000 items which are aggregated in 80 groups is not known. 
Here k = 80, n’ = 25. The averages of the 80 groups are 
found to have standard deviation 1-628. It may be deduced 
that the standard deviation in the universe is approximately 
1628 x 25 = 814. Then the standard deviation for the 
average based on the whole 2000 is eae =m Rs as 
stated below. 

As an alternative we can examine the frequency group 
formed by the selections and see if it satisfies Edgeworth’s 
conditions. If it does, we may take it that the error of the 
average has normal frequency. 





Precision of Averages. 

A sample was taken (as described on p. 281) of the house- 
holders’ Census schedules in a number of districts, and the 
average number of persons per tenement was calculated in 
12 districts. 


In sample of 1 in 50. In whole district. ! 

Persons Persons | 
; r Pree Tene- Stands 
Registration district. Persons. r Tenements. rae 
- ments deneenene: batiraicak: deviacic 
14 





Bethnal Green, N.E. . 277 1,224 4°42 13,850 4°35 
S.W. . 278 1,261 4°54 13,905 4:60 
Shoreditch, oe -  « 187 792 4°24 9.331 4°26 


152 603 4°56 7,023 4°34 “19 

N.E.. . 156 653 4°19 7,847 4°39 “19 

Spitalfields . . . 130 637 4°90 6,476 4:79 21 
itechapel 2 « &Il7 519 4°44 5.914 4°72 22 
St.George . . . 187 924 4°93 9.374 4:88 -18 
Shadwell . «© «© 95 387. 4:07 4, 4°37 25 
Limehouse . . . 133 611 4°59 6,655 4°54 21 
Mile End, S.W. . - 267 1,21! 4°54 13,366 4°71 “15 
N.E. .  . 207 839 «= 405 || :10,364 gg L877 
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From a study of the Census volumes relating to the whole 
districts the standard deviations (c) of the number of persons 
per tenement is found to range from 2°38 to 2°75. 

The standard deviation for the first entry above is then 
eerie -14 if we take the lower and more stringent value of 
V277 
o. The other standard deviations are calculated similarly. 

The differences between the sample averages and the whole 
in 6 cases are less than the calculated standard deviation, in 
4 cases exceed it by less than a quarter of itself, in 1 case by 
30 per cent., and in 1 case the difference is twice the standard 
deviation. 

Normal Distribution of Averages. 


Ten digits were selected from successive final digits in 
seven-figure mathematical tables and summed, and the process 
repeated till 1000 totals were obtained.* 

The average and the standard deviation of the group so 
obtained were 45:014 and 9-205 respectively, as compared 
with 45 and 82:5 = 9083, which would be obtained from 
an indefinitely large random selection if the digits 0 to g 
were equally distributed. 


The following table compares the distribution of the rooo 
with the normal curve of error. 


NUMBER OF TOTALS OF I0 FALLING WITHIN CERTAIN Limits. 


es aces - Calculated. pee tcal Observations. Differences. 
Above {o r e r 6 2°4 8 + 2 
2g e ° 17 4'I 17 re] 
jo r ° Py 44 6°5 47 -- 3 
oe ® e e 92 QI 75 —17 
to o 8 150 11-3 + 157 + 7 
otoje . . . 1gI 12*4 197 + 6 
oto—jo. . « IgI 12-4 201 -+ 10 
—io ‘ ‘ F 150 II-3 148 — 2 
—¢ ° ° g2 Q°I 77 _ I§ 
= : ° . 44 6°5 50 + 6 
—2a¢ . e e 7 “I 20 
Below—fo. . . 6 “y 3 us : 


The standard deviations are calculated from the formula 


Vp (1 — p)m (formula (13)), where » = 1000 and # is the 





_ * Such selections are found not to satisfy completely the conditions of 
independence. See Statistical Journal, 1912-13, 0. 70%. Nixon. 
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proportion that falls within a grade in the normal law; thus 
between o and §c, ‘092 of al] are expected and f = 092. 

In arranging the observations o¢ is taken as 9°205. 

The differences between theory and observation are less 
than the standard deviation in 9 cases, and exceed it but are 
less than double in 3 cases. 

The normal curve is therefore an adequate representation 
of the group. 

The average as found from the whole sample of 10,000 is 


‘th stand tation 9205 _. 
determined as 45°014 with standard deviation as 29 
and is unexpectedly near the average of the sum of ro digits in 
general, 


From a geographical index containing 31,210 names, 25 
were selected roughly at random, and their latitudes entered 
to a degree (ignoring minutes), the distinction between north 
and south being ignored. The 25 latitudes were then averaged 
and the process repeated till 80 averages were obtained. 

The general average was 35-0° and the standard deviation 
of the group of 80 averages was 1:628°. 

The following table compares the distribution with the 
normal curve of error on the same plan as in the last example. 


i Standard . Differenc 
spose Calculated. deviation. Observations. nearest ie 
Above fe 5 _ I oorr 

20 : I°3 err 2 I 
fo 3°5 18 I 2 or 3 

a 7°4 2:6 10 3 

o ; 12:0 3°2 12 o 

Otojc . 153 35 12 3 

o, —$o 15°3 3°5 16 I 

_ 12-0 3°2 15 3 

_—o 7°4 2-6 7 o 
—io 3°5 1-8 1or2 

— 20 , 1°3 Prer I o 
Below —{¢ 5 _— I oortr 


In eight cases the difference is below the standard 
deviation, and in the remaining two slightly above it. 
The average 35-0°, as found from the sample of 
80 X 25 = 2000 latitudes, 
has standard deviation mee degrees = -18 degree, and is 


therefore not known accurately to the first decimal place. 
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Absolute Errors in Weighted Sums and Averages. 


It has been shown above (p. 288) that if H + E is the sum 
of # quantities selected independently from a frequency 
groups, whose averages are ,#%, o#@...,#, and standard 
deviations 73, Tg--- Gn; and H =u — 9% + cee + nil, then 
H + E,, the sum in any selection, = ,% + 9%@ +... + nM, has 
for its standard deviation s, where s* =o? +o, +... +0,3. 

The same analysis can readily be re-arranged to show that, 
if we take a weighted sum 
H + Ey = W, .1%4 + We. gut +... . + Wa. nt, where W,, W,. .. are 
constants, the standard deviation becomes 

s? = W,?0,? + W,2o,7 +... + Wrto0n? = S(Weo?) . . (55) 
ee ; H+E 
and the standard deviation, sz, of the weighted average “Sw, 
is given by 
S(W,2c;?) 


sa) = Swot eo ee ee OR Oe. . (56) 


If nis large, so that aris negligible, and the other condi- 


tions stated on p. 299 are satisfied, the frequencies of the 
sum and average are normal, and the table on p. 271 can be 
used to ascertain the chances of deviations from the mean 
value H. 


Let co? be the weighted mean value of o,?, o,?...0n?, so that 
o*S (W2*) = S(W:2e;4) 


Then st = 07S (W,'), 
S (W;?) 
a =" 
and Sa — Cv (SW,)? e e ® e ° ® (57) 


Now let SW,= nu, and W,.=w+ wm, and no,* = S(w), so 
that w and o, are the average and standard deviation of the W’s 
regarded as a frequency group. Sw=o. 


Then 
S(W??) = S(w*+ 204+ w,?) = nw?+ 20Sw,+Sw? = n(w?+oy*).. (58) 
and st=me?(w'+o,%). 2. 1 1 we ee ee ew ee (59) 
_=3 %(w*+oy3) 2.2 oF Tw" 
Sgi=a. (ni)? and .°. Sg= a af Ot “s). ~ « (60) 
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The last formula gives in a convenient form the standard 
deviation of a weighted average, when the weights are known 
and not subject to error. The deviation of the original items 
is reduced in the ratio 1: «/m, and becomes small when # is 


3 
great, while the factor J (x + a) is rarely as great as 1/2, 


ww 


since = measures the ratio of the standard deviation of 


the weights to their mean value, and this ratio in ordinary 
cases is less than unity. 
If the average is unweighted, we have, of course, 


= . (61) 


The fundamental formula s? = S(W,?s,*) was used by the 
Committee of the British Association on Small Incomes. 
(See Statistical Journal, 1910, December, p. 62, where different 
letters are employed.) 

There were 31 classes in each of which the number not paying 
income tax was estimated as, say, N;, with standard deviation s;; 
their average income was I, with standard deviation s’; The 
ageregate income of the class is then N,I, with standard 
deviation o,, where 

oe” = Mean{(Nz + é¢) (Ie-+e’s) — Nel} 
= Mean {Nee’; + Tre,}* = Nfs’? + Tes,!, 
when products of e’s are neglected. 


The standard deviation for the sum of N,I; is therefore s, 

where 
st = S (N;*s',2 + ,8s,4). 

$,, Sg... and s’,, s’,... were estimated separately for each class. 

If we suppose that the numbers in the classes were known 
exactly and only the average incomes in the classes subject to 
error, then we should use the formula above s*? = S(W,*c,%) = 
in this case S(N,*s’), which we of course also obtain by writing 
s;=0. The standard deviation of error in the average income 


ll i ViIS(N?S':*)} 
of all the classes taken together is then aces airs 
In the investigation S(I,*s,8) =315 x 105, S(N,3s’3) =4 x ro8, 


so that the errors in N were not important. S(N,) =4023, 
S(N.1,.) = 284,700, and the average income in 1910 of persons 
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other than’wage-earners not paying income tax may be written 
as {71 with standard deviation £5. 


Relative Errors. 


So far we have dealt with absolute errors and deviations, 
the actual differences between particular values and observa- 
tions from their means or true values. It is now proposed to 
discuss relative errors and deviations (as used in Part I., 
Chapter VIII, supra). 

If xis the observed value of a quantity whose true value 
or mean (as the case may be) is x’, and x =x’ (1 +), then 


é&= 





x — x e r e ry 
qi is the relative error or deviation.* 


1. Products and Quotients. 


If two factors F,, F, are independent, and erroneously 
measured as F,(r-+e,), F,(1+e,), and ¢ is the resulting relative 
error in their product P, we have 
P(r +¢)=F,(1 + ¢,).F,(1 + ¢,), whereeP=F,F, . . . . (62) 

= ¢, + ty + ¢,€5 = ¢, + ég, if products of e’s are negligible. 

Hence if oc, o,, og are the standard deviations of P, Fj, Fs, 
we have by the formula (34), p. 288, o? =a, + o,3. 

The result can be extended to any finite number of factors, 
so that 

of =o,4+ 0,?+0,7+... » « « « (63) 
The error of x, finite, if given by x*(1 + ¢) ={x(I + e,)}*, 
where ¢, is the error of x. nin dil 


os e= ne, + —— é'+.,.=m. . . « (64) 


when squares are neglected, i the standard deviation of 
x” is no where o is that of x. 


The result is true when n is fractional. E.g. the error in a 
cube root is one-third the error of the quantity. Thus if a 
number 1006 is taken as 1000 (relative error -006), the relative 
error in the cube root is -002, the root being given as 10, instead 
of 10°02 = 10 (I + -002) approx. 

s — 2 
# 


* In Chapter VIII above it was more convenient to take as the 


error. If we call this ¢,, the relation between the two is ¢=— 6 + e§—*.. 
and ¢, = —s, when, as may generally be presumed, ¢ is negligible. 
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If ¢ is the error in Q = F,/F,, and F, and F, are independent of 
each other, 


Quy apr. 


e = (I+¢,)(I+¢,)"1—1 =¢,—e,-+squares and products. (65) 
gg? = 0," + o,”, where og is the standard deviation of ¢. (66) 


If ¢ is the error in a power, a*, where a is known, and ¢, is the 
error in % 


az (1 +e) =atto 
e=@°1—y=¢,.x log a when ¢,? is neglected . . (67) 
Generally if ¢ is the error in a function, f(x) 
fl) x (Te) = felt +e} =fle) + ele) +. 


and é= oD oes.  -@ .e,. ae . (68) 


2. In Averages. 


Let m be the unweighted average of » quantities M,, M,... 
M;... Mn, and let Me = m+ mz, So that Sm,=0. Let nom*® = Sm,'. 

Suppose the quantities erroneously observed as M(t + &) for 
Mg, etc., and let ¢ be the relative error in their average. 


m (x +e) == S(Me(1 + @)) = mh +—S (Mie). 


Then e= iS (Fa). ge Ak es ee a, ow 2: (60) 


If sa, o¢ are the standard deviations of ¢, & then by formula 


(55) p- 316, _ 
sst= S (= on) =: g? S Gos 


if of is the weighted mean of o,*...0,2..., or if all these 
standard deviations are equal 


gt 2M Mi)? _ og mt om! 





3 — 
Sa = nim? aa * nm ’ 
since Sm = 0, 
o om* 
and Sg = Sen) (1+ 55) e e e¢ e e ® e e@ e (70) 


This formula is of the same form as that relating to absolute 
errors in a weighted average. (Formula (60).) 
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In this formula om, m and Vn are known, and therefore 
the ratio of can be stated exactly. o has to be estimated 


from whatever circumstances are known about the individual 
measurements. 

The conditions of p. 299 are generally satisfied when an 
average is computed, if the conditions of random sampling are 
preserved, and therefore the normal table of frequency is 
applicable if » is large; it is approximately applicable if » is 
no greater than 20. 


3. In Weighted Averages. 
(Based on article in Stat. Journal, 1911-12, pp. 81-88.] 


S (WM) 
Let my = “Sw, 
ing as before, and W,, W,... Wz... Wn are weights. 

as Wi=w+ wi, where no =SW, and Sw,=o, and let 
NO rw" = Sw’. 

Then S (W:M:) = nwmy. 

Suppose that the weights are imperfectly known, so that 
W: (I + 7,) is taken instead of W; etc. 

Let the errors in the M’s be as before, and let ¢ be the resulting 
eITOr in My. 


, where M; (and m, om) have the same mean- 


Then My (I +e) Sn aaa 


g = SIWAE +n) Mit +o} SW. S(WiM) SIWi(t +n) 
S (WM) .S {W(t + m)} 
__ > (WeMees) . SWe + S(WeMem)SWt—S (Went). 5 (WM) 
S (WM) .SWe 
neglecting en cn nt 
= S (WeMie,) S {(WeM: ‘ nw _ W; ; NWMy) ne} 
S (W.M:) S (WM). nw 
a 2 (WeMeer) | Si Welmet i — iy) ne} 

NOM y : ST NW Mp - (71) 

S{(w+w) (m+m)}  nwm+mSu,+wSm + Sum 

nw oi nw 








Now my = 


and ify — m= —=S (wom) . *“ © © © © © © © © © @ 8 (72) 
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_ S(WeMyer)  S(Wernen) 
AO My NWMy 
™ — M,. is neglected, while in full the numerator of the second 
term is S {W, (Mz — My) ne}. 
Let &, oz, o': be the standard deviations of ¢, é, 7¢. 


approximately, if the difference 


Then o?= (nip —= Pa ha (WeMto:)? + S[W: (Mz — mM My) oe |*} i ce (73) 

Let o, =og=...=<0, and o’, =0',=...=0", or let o3, o’8 
be weighted averages so that oS (W:M,)?=S (W.:Mio,)? and 
78S (Wim) =§ {W; (M; — My) a} 3, 


{o2.S (WeMz)* + o”8S{We (Me — m7y)}3} . (74) 





I 
“2 __1 
Then ¢ (niort,)? 
a and a’ must be estimated from whatever errors seem probable 
or possible in the circumstances of the measurement. 
The other quantities involved can be calculated from the obser- 
vations. A good approximation in ordinary cases to this result is 
2 2 2 "g 2 
w== (14%) (1+ 25) 42-( oe oa 
. (T+ el) me mi °° (75) 
This approximation is obtained as follows :— 
S (WeMz)*= S{(mo* + 210m, + 10,9) (m9 + 2mm, +m} 
= nw + nwo, + nmito,* + noy20—4° 
+ Sw, (m2 — om*) + 4mwS wm, + 20S? +- 2Sm,w,F 


8 ze Cm" \ . Fy2n?R Cu ms as 2 
s Ppa =(r + I+ =) )+ a ot 24 2 — es ony eras a8 
where 
rn SU, = Smt, _ Sut p_ Sutmt _ | _ Sat (nt — oa 
NeFm 8 Nm? | ORoetom ONO emt Noo" m? 


S{W, (My —min)}*=S{W (mms-+73 —7i)}* 
= SW,2n,! + 2 (mi — my) SW.2 98, + (998 ~ ring)® SW,P 


ws ty? , RO yt + 2wSw.m,* + Sw,2m? —_ = Sw.m, (2wSw,m, + Sm,2m,;) 








+(e) # (w® +5y*) 
, SHWe(Me—Fin)i? _ oat, Beem! 
n (win)® m?' wm * 
Ou" Tm -(R \-4 g wim" 9 te To Om® Coon? o." 
+ ew e8 att 4” ~* ie rat amt wit sSro (2 +55) 


om F(Z) rots ites, 
where 


ww ¢.4 6 mm e -m 
inte (14+ 22+ 55 J+ 4E-§ Srp2.c = Le st" Bat SSRe 
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2 oy,2 “out o,4 6? Ce Cu? v9 


Now #, fis) Yey, Reg Cach contain in their formule factors (m;, w, or 
m;* — om) whose sum is zero, and therefore, unless large values of the other 
factor (m3, w,4) are found specially with positive or specially with negative 
values, the sum of the products is small, and terms containing these tend to 

TwTm 


be small in comparison with the other terms. Also = mi-+r =a" 


If we neglect ¥, 7,5, %1, Rgg we obtain the approximation given above. 





Examples. 


Some examples, worked in detail, will show the relative 
magnitude of the quantities involved. 

1. The first is a calculation of wages, where the weights 
are taken with great roughness, the number of persons of both 
sexes and all ages being taken for weights to compute the 
average wage of men only. It is only in very imperfect 
investigations that so deliberate an error would be introduced. 

The contribution due to the errors in observations of 
quantities, typified by o, has in the approximate formula two 
factors, each of which is always greater than x and generally 
less than 2; these factors can be computed from the observa- 
tions. 

On the other hand the contribution due to errors in weights, 
typified by o’ in (75), contains the factor (22 both in the 
approximate and in the complete formula, t.e. the square of 
the ratio of the standard deviation of the quantities to their 
mean value. In the cases, which are quite common when 
weighted averages are in question, where this ratio is small, 
the effect of errors in weights is smaller, and sometimes very 
much smaller, than the effect of equal errors in quantities. 
Hence the statements (pp. 94 and 185) that under ordinary 
conditions more attention should be paid to accuracy in 
quantities than to accuracy in weights. 

Finally, as regards weighted averages, the table of proba- 
bility on p. 271 may be applied to measure the chance of devia- 
tions greater than G, 20,30... ifm is great, and it gives 
approximate values when 2 is as small even as 20. 
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Merat Trapgs, ExcLupine ENGINEERING AND SHIPBUILDING, 1906, 
Cd. 5814, p. xi for numbers, and p. xiii for wages. 


Number of Average 


Trade. rsons earnings 
émpleveds of saan 

WwW M 
000's, s @ 
Pigiron. . «+ +o « o 4 34 4 
Iron and steel a. cae; age Be 39 +I 
Tinplate. . . . . . Ot 42 0 
Railway carriages. . . . 46 30 9 
Iron castings . - « ws 22 31 4 
Electric apparatus eo os - «5 347 
Wire . i os ‘ ; 8 35 7 
Brass,etc. . . =. . ; 8 31 9 
Gold, silver, etc. . 8 36 6 
ewellery i x 3 38 Oo 
dgetools ... 3 31 2 
Smelting < 8 31 5 
Cycles . . . : 7 34 4 
Tubes . . . : 7 28 3 
Nails, etc. . . ; 5 31 Oo 
Bedsteads. ; 2 36 3 
Farriery . sw OS 2 27 9 
Scientific instruments ; é 4 2 36 10 
Needles, etc... . .« + ~ -» 2 31 9 
Chains, etc. .  . : I 354 
Locks, etc. . a I 28 o 
Watches and clocks . I 32 7 
Typefounding ‘ . I 33 3 
iscellaneous ee ee 45 32 5 

Total . : . . 266 


#, the number of trades, =24. S.W= 266. w=-S.W= II. 


m, the arithmetical average of the 24 entries of earnings, 
== 338. Ofd. = 33°51Is. 

om = 3°47. Cw =14'74. m and w are the deviations of indi- 
vidual entries from m and w. 











 Nowom 30a NOwom? Caen Makes NOw*om : 
—_ Sm - om\* ow\* 
om == @ Cw es 


iy, the average of the earnings with the numbers given in the 
table as weights, = 34s. 24d.. = mai(x + rence, , (e : == 959. 
My 
y* 2 
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Then working with the notation of p. 321, 
1,8==2°77 X I°OII+-4 X 1°33 X 104 X *150-+2 X 1°33 X OII X 095 
+2X1°977 X 103 X:280+-1°77 X ‘OII X °264 
=2°80-+-083-+-003-+'°102-+ 005 = 2°99. 


oa \8 
1?x (=) =2-°87, The approximate formula gives 2°80. 


[f= -011 {2°77 +(3°13—3°99) X 0225 
+2 X 1°33 X*095—2 X 2°35 X*150 X *280-+1°77 X -264} 
= O11 {2°77—-020-+-'253—198-+ °467}=-o1l (2°77 +50) =:036. 


om \8 
i? x (=) =°035. The approximate formula gives -031. 


= 3 (2°870%+ 0350"). 

The averages of the men’s earnings in the separate trades 
are perhaps subject to an error of 6d. in 33s., in which case 
o = Py, o? = 00023. 

The errors in the weights may be considerable, for the 
weights were deliberately taken as the whole number of persons 
instead of the number of men. 

The error so introduced is computed from p. 10 of the 
report at about -23, so that o”? = -053. 

With these figures ¢?=-000027 +-000077==-000104. G=-OI. 

Hence the average may be written 

M,(I + G) or 34s. 24d. + 4d. 

Though in this extreme case the error in the individual 
weights is taken 15 times as great as the error in the quantities, 
the resulting error is only -0088 as compared with - 0052 due 
to quantities. 

z. Perhaps the most important use of weighted averages 
is as index-numbers of prices. 

It was shown above (p. 204) that the change of the base 
year was equivalent to a change of weights; such a change 
will by the theory used in this chapter produce an unimportant 
effect on the result, if the necessary conditions are found to hold. 

Sauerbeck’s numbers of the prices of commodities were 
tabulated for 1g00 and rg1z and re-written with 1900 as base. 
Thus in the first entry the price of English wheat was 49 in 
1goo, 58 in 1911, when the average of the years 1867-77 is 
taken as 100. This was written 100 in rgoo and 118 in Igrr. 
The 45 numbers so obtained give an arithmetical average 
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107°82, while the averages of the numbers as given by Sauer- 
beck in 1900 and IgII were 75:07 and 79°69, whose ratio is 
100 : 106-16. 

In taking the simple average, when all the numbers are 100, 
we in effect give equal wefghts to the ratios; whereas in 
Sauerbeck’s setting, if ~,,~,...are the separate index- 
numbers in 1900 and 4,’, ~,’...in Igr1, the general index- 


numbers are I, = fut Pa Ta lL = pt Pa ta and 
I= 100 #3 gives the movement from 1g00 to IgII, t.¢. 106-16, 
1 








cy «= SE 
[I = 100 = = 100 — 5 oe ; that is the ratios of the separate 


changes are weighted with the separate index-numbers in rgoo. 

We will examine the accuracy of the average on Sauer- 
beck’s system, that is taking #, now written w, as a weight, 
and Pe now written m, as a quantity. 


p 
The quantities involved are the following :— 
= 75°07, ow = 20°67, > = '275, m=107:82, om = 20°03, 


= 186, 1=— °2944, My =100°2, 1,=°500, 121 = — °347, 


If neglect Y, 19, fy Res, as in formula (75), 
G2 = =( 076) (1°035) fhe rr (1°076) X (°186)8= o* x -025-++-0? x -00083. 
If we include these quantities s? = o? x -024 + o’8 x -ooI2. 


The difference between the two is almost solely due to 7,, 
i.e. to mean wm*®; abnormal increases from r1goo to 1911, 
measured by m, are on the whole found with abnormal move- 
ments from the base 1867-77 measured by w; but even this 
influence has not much effect. 

The error, o, in m is almost solely due to using round 
numbers, and tends to be about x},, and hence 

ao? X -024 = (0005)%, 
and is negligible. 

The error in w could be computed if we had a definite 
system of assigning importance to the commodities. In 
default of this, suppose they ought to have had equal weights, 
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as in the alternative computation above. Then ~ me $275 
measures the dispersion of the actual weights from the supposed 
true weights, and co x :0012 = (275 X °034)? = (-0093)% 

Hence o* = (0005)? + (:0093)® == (:0093)" approx., and the 
index-number may be written 

106-2 (I + °0093) = 106-2 + I, 

and this shows the kind of margin we should have in mind 
when using index-numbers. 

Actually the difference between the numbers calculated on 
the two hypotheses is 107-8 — 106-2 = 1-6. 


Comparison of Averages. 


If the errors in the two investigations are quite inde- 
pendent and lead to averages in the form A, (I+4,); 
A, (I + o,), the standard deviation of A,/A, is Vc, + o,%, by 
formula (66). 

But it often happens that errors in the same sense (both 
positive or both negative) are made in corresponding items at 
both dates ; thus the wages of a class may be underestimated 
at both dates. In such cases the error is reduced by the com- 
parison. 

Thus to take the case of a simple quotient Q = F, + Fy. 

If ¢, and é, are the relative errors in F,, F, and their standard 
deviations are o,, 03, then the error in Q has standard deviation 
4/(o;? + o,*) by formula (66). 

But, if d = ¢,—¢,, mean d* = mean ¢,? + mean ¢,? — 2 mean é,¢g. 
The last term only vanishes if all values of ¢, are equally likely to 
occur with any value of ¢,, and not if ¢, and e, are likely to be of 
the same sign. 

E.g. if ¢, = $¢, always, o,* = $o,?, mean ¢,¢, = 4 mean ¢,2= 40,3, 
and mean d? = g,? + $o,7— o,' and the standard deviation of the 
ratio is $o;. 

The necessary analysis for the ratios of weighted and unweighted 
averages is given in the Appendix, Notes 7 and 8. 


The approximate formulz are as follows, the notation being 
as on the previous page. 


If s,is the standard deviation of the ratio of two unweighted 
averages, 


stm loa(r+ 2%). ee ee (76) 
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where og is the standard deviation of the difference between e and 
¢' the errors in measurements of the corresponding quantities 
M:, M;’ at the two dates. 

While if s, is the standard deviation of the ratio of two 
weighted averages, then ic -apigad under certain conditions 


PaHorg) ee (EN ete} «on 


where og is as before, o and o’ are standard deviations of the errors 
in quantities and weights, M;’ = (1 + @ + 4) M:, where Su =o, so 
that 1 -+@ measures the mean rate of growth of the quantities, 
and oy is the standard deviation of « and measures the scattering 
of the rates of growth. 


If then the errors in the quantities tend to be the same at 
both periods, the first term in the bracket { } in (77) is small, 
and if the quantities grow at nearly the same rate the second 
term is small. In any case the standard deviation diminishes 





rae 

with ar 

Under conditions which are often fulfilled it follows that 
very great accuracy can be obtained in the ratio of weighted 
averages, though the original errors in the measurement of 
quantities and in the systems of weighting are considerable. 
It is important not to vary the methods of computation, so 
as to obtain similar errors and a small value of og. 


Example. 


DaTAa For ESTIMATING THE CHANGE IN AVERAGE WEEKLY WAGES IN CERTAIN 
INDUSTRIES IN THE UNITED KINGDOM. 


1880. 1900. . . 
Nagbes Wages Numbers Wises Cease of 
Agriculture ecco’s. — shillings. o000's. shillings. ee 
England saa uae © 6 ¥35 15 120 16-2 1-08 
Scotland. . * 2 18 20 21-2 1-18 
Ireland . ‘ P é ‘ 9 9 86 10°4 1°16 
Building . . .«© «© - 84 27 123 31-0 2-15 
Printing . . . . . 31 13 32°9 1:06 
Shipbuilding . . .  . 7 28-5 13 34:8 I-22 
Engineering . . . . 72 25 106 30°5 1-22 
Coal © | 23 75 34°3 1*49 
Puddling : - & ; F 9 31 II 38-5 1°23 
Cotton a ot oH 52 16 54 19°5 1-22 
Wool and worsted o 8 12 14 12 13°6 97 
Worsted ae 12 14 12 14°4 I-03 
as an a 3 37 8 31-0 Il 
Furniture... . 12 23 18 24°8 i 


572 671 
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The numbers are of all engaged in the industries from the 
General Report of the Census of England and Wales, Table 35. 
The rates of increase are from Mr. G. H. Wood’s paper in the 
Statistical Journal, 1909, p. 93. The average wages are 
computed from various sources; the accuracy of the ratios 
is more important than the accuracy of M. 


n= 14, mM = 21°54, m’ = 25°20, My = 18°69, my = 24°09, 


CO; 
= 351, ~~ =1-00, =F ='90, 2= 160, oy4= "12, 


= 319, 


zi|3 
3) 3 
Sis 


1 =— °42, 7.) =— *44, Ty =— °42, Rog = °25. 
Ratio of unweighted averages = = =1'170; of weighted 


averages = = = 1-288. 


Mr. Wood gives 39° = 1-163 and 192= 1-219 for these, using 
different weights. 


a E(eareol(oas (afer) 





I*160 
== *I 4304? + 0015 (oc? + 0), 
by the approximate formula (77), and by the full formula (148), 
APP Sp? = -14504% + 02207 + 003502 + -or60'g’, 
where o’g measures the difference between the errors in the weights 
at the two dates. 


The approximate formula fails to do justice to the error in 
quantities owing to the great change in the weights in the 
period whose effect is ignored. 

To see the effect of these errors, suppose the error in the 
wages In 1880 (c) is 345 and in the weights (c’) is 4, and that 
similarity of error makes og = to and oy’ = fo’. 

Then s,2=-000091 +-000055 +:000035 +:000040 =:00022. 


S, = ‘O15. 
The ratio of the averages may be written 


sepa J 


“(1 x s,) = 1-288 + -020 
My 


1.¢. the percentage increase instead of being 29 may be any- 
where from 27 to 31. 
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Actually the elemental errors may be larger than those 
here supposed. These figures are given as an example of 
method and to show the influence of the various terms; but 
m == 14 is too small for the theory to be closely applicable, 
and a serious study of general wage-changes would need a 
wider range of industries and more exact determination of the 
numbers and average wages. 


Significance of Differences Between Averages. 


A very important problem that frequently arises in practical 
Statistics is to determine whether the difference found between 
two averages of similar classes or groups could be due to the 
error incident to observation (especially to the inclusion of 
too small a number in a random sample) or can safely be 
attributed to real differences of characteristics. E.g., if the 
observed death-rates of two classes are 14-7 and 14°3 per 1000, 
are we justified in saying that the death-rate of the first class 
is the higher, or should we expect a difference of -4 if we simply 
separated two parts of the population arbitrarily ? 

If the observed difference is greater than is to be expected 
in chance selection, it is said to be significant, 1.e. significant 
of a real difference between the phenomena. 

The general method of analysis is as follows: Suppose two 
classes containing ”, and m, things yield averages z, and #,. 
Calculate the standard deviation of the frequency curve of 
the differences between the averages of m, things and x, 
things selected indiscriminately from the whole universe from 
which the classes were segregated, and let this be o. 

Compare #,~%, withe. The chance that the ratio is 
greater than 3 is :0027, since the sum of the integrals of 


edz from 3 too and —3 to —« 


V 2m 
1.¢. 2(¢ — F(3)) = 2(-5 — 49865) = -0027 (p. 271). 


Similarly the chances that the ratio is greater than 2 or I 
are 0456 or :3174; and it is just as likely as not that the 
ratio is as great as ‘674. If, then, #, ~ #, is not greater than 
‘6740, there is no evidence of a real difference, that is, a 
difference due to the nature of the classes and not attributable 
to chance deviation. As #,~#, increases beyond this, the 
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improbability of the result as a chance event increases, till 
when the ratio equals 2 the odds are about 21 to I (*9544 to 
0456) against. At 2a we may Say that the event is improbable 
unless the difference is real. At 3o the odds against are about 
370 to 1, and this is generally regarded as so improbable that 
the difference 7,~#, is spoken of as significant. At 4o the 
odds against are about 15,000 to 1. We can, of course, never 
arrive at certainty by this method ; we have rather to connect 
the word significant with the scale of probability. In the 
following paragraphs rules are given for calculating o; in 
every case the frequency group of the errors is normal, since 
the conditions described in previous sections are satisfied, and 
in every case the connection between o and the probability 
of chance occurrence is that described in this paragraph. 


A.—CASES OF THE PROPORTION OF THINGS WITH PARTICULAR 
CHARACTERISTICS IN A UNIVERSE. 


1. Let N be the number of things in a universe, of which pN 
have a particular characteristic where p and N are known. g=1—p. 

Let » be selected at random, and #’n be found to have the 
characteristic. 


Then o for p’ ~ p is i ?q € — x or YE f if a is negligible. 


Example.—If dice are thrown 1200 times and 6 turns up 180 
I I 


; — —— =— ‘_ 3 =/(3.3.2.)= 
times, N=, p ra 1200, p 507 (7.2. ~)=-o108 


—_«__—_="———~ au o 


c 0108 


and there is an indication but no proof that the dice are not uniform 
in respect of their 6 faces. 
2. Let two samples (,, p,) (ms, $,) be selected from the universe, 


and neglect el “ 


The standard deviations of ~, — p and p, — p are 


vs bq and Pq 
a Ng 
Hence the standard deviation of ~, ~ ~, = (p, — p)~(p, — p) 
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is the square root of the sum of the squares of their separate 
standard deviations (formula (34)) and 


= /{ (= +2) tie ee (78) 


If pis not known, but can only be deduced from the samples, 
the best value to take seems to be that found by merging the 
samples, viz. : p(m + 1%) = pm + pots. 

Example—In rooo houses selected in a town, in 200(m,) the 
head of the household is an artisan, in 800(m,) a labourer. 
Children of school age are present in 80 of the first group (p, = -4) 
and 420 of the second (f, = -525). (The numbers are hypothetical.) 


b X 1000 = 80 + 420, *. p=4—q 


o for py ~ Pa= a/ 2(sos + gag) = "4 
Ps—Pi _ °525 — °4 


Cc "04 
The difference is significant. 
3. The samples (1,),), (%gp,) are selected from different unknown 
universes, ”, and 7, being large. 
E.g., suppose that out of 1000 men selected from two countries, 
300 and 250 respectively are found to have blue eyes. 


Here ~, = 3 in the selection, with o, = 4/ an = O14, and 
the value for the whole country (if the selection had nothing to do 
with race or climate within the country) is approximately 4,. 
Similarly in the other country it is approximately #, = }. 

The standard deviation for #, ~ f, is that for the difference 
between two independent groups, viz 


Varad = 4/ (Bilt 4 Pt) = 00 . » + + (79) 
A Ps 3 "75 © one, 


oC 02 


= 3 approx. 


This method is generally used when the death-rates of two 
occupational classes (¢.g., miners and bricklayers) are compared, 
If of ,, my under observation m, and m, die ina year, the 
rates (r,, 7.) are = X 1000, Sy X 1000, and pao, p= —, 
2 
since in the absence of other evidence it is assumed that the risk is 
the same throughout each class, 
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The miners are then assumed to be a random sample of a 
universe of miners, and similarly with the bricklayers. 
Then o for 7, — 7, 


= 1000 4/ 2:8 + Felt = r000 4/ {> al 4. Malt ma} 


A simpler procedure, however, is to compare each class 
with the adult male population as a whole. Then to find if 
the miners’ death-rate differs from that of occupations in 
general we should use Case I. 

In the preceding it has been assumed that the chance # 
was the same throughout the universe. It may happen, 
however, that the universe consists of different regions or 
strata in which the chances are different, and the question 
arises whether we should proceed at random in the selection 
of a sample out of the universe as a whole or whether we 
should partially arrange the choice so as to take the same pro- 
portion out of each region or stratum. Mr. Yule (Theory of 
Statistics, p. 281) gives a formula which may be established 
as follows. 


Let a universe contain 7, #,...: things in ¢ strata, and let the 
numbers which have a certain characteristic be p,2,, pymg .. . Pim 
in these strata. 


N=m+ ngt+...+m, and let £m, + pgm, +...= PN. 


Let kn,, kn, ... kn_ be examined in the # strata, .e. AN= 
in all. 


Write #, = P+4,,,=P+4d,. 
where pe tiilacus so that S(nd) = 0, 


The standard deviation of #, in the sample is 


Ait 
kn, 
and similarly for Ay, ete. 
Hence if o is the standard deviation for P in the sample, 
by formula (55). 


a= (m2 pits f(t By ott = = aaa (bith + MaPate +--+) 
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. RN%0! me 1p, (I — p,) +. 
= S (np) — S(np*) = NP — S{n(P + d)3} 
= NP — NP? — 2P . Sud — Snd* = NPQ — No,! 


where o,' = x (myd,* + ngdg* +. .) 


ee se en ei Both se SOD) 
n nn 

Here o is the standard deviation for the observed result, P is 
the actual proportion in the universe, and o,° is the weighted mean 
square of the deviations in the strata. 

If we took the numbers at random through the universe the 


PQ 


standard deviation of the error would be og, where a? = as 


a 
Hence o* = o,?— > , and by choosing proportionally from the 


various strata the standard deviation of the error involved is 
diminished. 

In the investigation of the economic conditions of 4 towns 
(Livelihood and Poverty), instead of numbering all the houses 
and selecting I in 20 at random, we marked one out of every 20 
throughout each street. By this means we secured that no 
district was completely unrepresented, which may possibly 
happen in a random selection, and we also got the advantage 
indicated by the formula just given, since social conditions in 
a street have a certain similarity. Suppose that there were 
16,000 houses in ro equal wards, and that in these wards the 
proportions below some assigned standard were -o2, -06,:-I0 
... °38. Then N = 16000; n, =". =... = 1600; $, =-02, 
d, = 06... P=-2; dj = —'18, dg = — 14... ; 


op! = zy (18? + -14? + ...), op = 1T5. 
Now suppose 80 houses were examined in each ward, 
n = 800, k =34,07= 2X °8 _ +0132 o =°0136, and the result 
800 800 ’ ; 
may be written -20 + -0136, or 20 + 1-36 per cent. 
In a non-stratified selection we should have had o == -o141. 
The gain in precision is very slight, but the method of selection 


by strata is in accordance with common sense and should be 
used where it is applicable. 
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B—CASE OF A UNIVERSE CONTAINING A NUMBER OP 
MEASURABLE OBJECTS. 


1. Let there be N objects in the universe, the average of whose 
measurements is # and standard deviation s. 
” are selected at random and their average is found to be 


Then the standard deviation, o, of #,~ # is s NE rao ee by 
n 





formula (52). 


Example—The average number of persons per tenement in a 
town of 10,000 tenements is 4:5, with standard deviation 2. 

In 1000 working-class tenements the average is 4:7. 

Here N =10,000, = 1000, 4 = 4'5, %, = 4:7, S=2. 


_ I I. %,—-F 2 
ena/ 2 -= 06, 5 06 3 

2. The universe is only known by a sample, », #, s. A sub- 
sample of n, gives <,, 0}. 

Let ,, <3, 7, be the residue, which, if the first sample were 
random and not of a class with a special average, would also be an 
independent random sample from the unknown universe. 


Then Ny + Mg =, 1X + Mgty = NT 








Also moments about the origin give 
m (s¥ + x4) = my (047 + 1%) + 1g (og* + 4,5). 
3 2 
Standard deviation for #, ~ <, is Pe (“2 + v2.) 
my Ms 
But the ratio of « ~ #, to #, ~ #, is constant and equal to “2, 
*, standard deviation for # ~ , is o where 
Ps 2 (2 oa) 28 eo “1 (¢ —#,)8 
n\n, ' g/m n nn me 
as can be shown by eliminating o, and %z. 
Let #, be less than ,, and m and n, great. 


Then (# — #,) Vn, is of order om, 1.e. of 0}. Hence the term 
(% — £,)9 is negligible. 


Hence om) {E+ aa si igs. dpe: he es (BE) 


See Biomeirtha, Vol. V., p. 182. 
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This method is used in the Scotch Census (Cd. 7163, p. 288) 
for comparing the size of families of men in different occupations. 


If “ is small ¢ = —“1_ as it should from Case 1 when 
nN Vn, 


K is neglected, and the observed oc, is taken for the unknown s. 


If o,; =s, as will be the case if the standard deviation is 
not affected by class, but only the average affected, 


I tI 
c= ain/ C5 _ =) as was to be expected. 


Example from the Scotch Census. 


n, total number of marriages, = 133,960. 

%, average number of children per marriage, = 5°82, with 
$ = 3°099. 

Among boiler-makers, ”, = 923, %, = 6:00, o, = 3°039. 


Vist 900 | = aa. 
923 133960 
Bie S 7S 2p which is barely significant. 


o ‘IO 





Example —Among the flour prices tabulated on p. 311 for U.S.A., 
142 came from North Atlantic States. 


Number. Average. Standard Deviation. 
USAs. 2: & % n=267 £#=2°625 S$ = 293 
North Atlantic . N,=142 £22748 oo, =°244 
= / (2595 10858 — -1190) _ 
o=4/( 142 + 267 )= o%7- 
=F a _ ——= = 7 approx., and the price in the North Atlantic 


States was definitely higher than the average for the whole country. 
3. Two samples (,%,0,) and (n,t,0,) are taken out of two 
known universes (N,«’s,) and (N,#’’s,). 





o for <, ~ %, is then 


Vista) tea} VG +2) sree. 


since we have the difference between two independent observations, 
each coming under Case I. 
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Ny 


If the universes are only known from samples, and N 
1 


ad | 
> == are 
N, 
small we must take 


_ oy! og! 
rig ge es Se de a: a ee, oe; 82} 

There are some other variants, which can be treated on the 
same principles. 

Example—In food expenditures, similar to those tabulated on 
p. 310, in the whole group we have * = 10°3 (shillings), s = 3:3. 

%, for the families of 566 skilled workmen was I0’9, and «, for 
the families of 266 unskilled was 9°3. 

The standard deviations for these groups were not calculated, 
but were probably nearly the same as s. 

o for #, — %, is 3°3-V (ste + x00) = °25- 

%— 4, 

ts 

The stratification of a universe of measurable objects is 
also treated by Mr. Yule (Theory, p. 345). 

Let a universe (Ns) be composed of groups (1,%,5,), (Mg%gSq) ..., 
and let kn,, kn,...be selected from the groups, and the averages 
be found to be (#, + 8), (#, + 8,)..., and the average of the kN 
tobe x+D; kAN=n,. 

Then N=, +2,+...; Ni=n,4, + mgigt+... 

Write =F +4, %,=2+4,...3 
then Snd =0 

Ns? = ny, (sy* + dy”) +n, (Ss? + d,”) +... 
The squares of the standard deviations for 6, 6,... are 


= “2 = 6 approx., and the difference is significant. 


Rn, ? king eeee 
Write o for the standard deviation of D. 
RN (% + D) = kn, (%, + 8,) + Ang (#,+5,) +... 


. se 5 
ee De vaty ates 
we (M)" Shy (a\* Sah 
© (1) kn, (Fi ree 


= Ti (8,3 + n,s,° +...) 


by formula (55). 


Write o, for the standard deviation of the average if the » 
samples had been taken at random from the universe as a whole. 
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-3 
Then og! =~ = — {n,(s2 + 4,9) + 144 (52 +42) +...) 
of = ot ——. — 


Write Nom* = S (nd#), so that om? is the weighted mean square 
of the deviations of the averages in the strata. 
2 
om 


Then o — To" — a. 7 e © e« #@© @ @ (83) 


The precision of the average is improved by stratification, as in 
the previous case (formula (80)). 


Thus in the example on p. 313, let N be the total number 
of tenements in the last seven districts named (Spitalfields 
and onwards). #, the average number of persons per tenement 
in the districts combined, is found from the Census to be 
4°64, with s = 2-75. k=-y, since one tenement in 50 was 
recorded in the selection; N = 57000, and » = 1140. 





Number of Persons per 
tenements. tenement. 
4 
Spitalfields. . . « My= 65° + *15==d, 
Whitechapel . . . = 59 + 'o8=d, 
St. George... » 6 Mg= O4 +'24=d, 
Shadwell . r A ; n= 48 —'27=c, 
Limehouse. . . . m= 66 —‘lo=d, 
Mile End, S.W.. . .  mg=134 +°o7=d, 
rT) N.E. ° e ° Nny= 104 —‘'24=d, 
57° 
1806 
S(nd?) = 1806 = = +031 
(nd? at nd = 05 0317 
, on (2°75) ane = 
o. = 1140" 006634 oO, = 08145 


os? = -006634 — yaaa -006606 o = -08128 


The improvement obtained by sampling in the seven strata 
represented by the districts is very slight. 


Existence of a Trend. 


Further applications of the same principles are made when 
we consider a time-series of observations and examine whether 
the fluctuations and movements are random or show the 


existence of a trend or of periodicity. 
ae 
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The method, and its difficulties, can be shown sufficiently 
by two examples. . 


1.—THe Recorpgep Timers For “ Toe Oaxs ” From 1850 TO 1899 ARE a8 SHOWN BELOW 


min. sec. min. sec min. sec. min. sec. min. sec. 
1850 2 56 1860 2 56 1870 2 52 x880 2 49 1890 2 40 
185% 2 §2 1861 2 44 1871 2 §1 r88rx 2 46 189r 2 54 
1852 3 Oo 1862 2 49 1872 2 §2 1882 2 «#49 1892 2 43 
1853 2 §2 1863 2 54 1873 2 50% 1883 2 53 1893 2 44 
1854 3 Oo 1864 2 47 1874 2 48 1884 2 49 1894 2 $0 
1855 2 58 1865 2 81 1875 2 49 1885 2 43% 1895 2 48 
1856 § 4 1866 2 53 1876 32 1886 2 54 1896 2 45 
1857, 2 §0 1867 2 54 1877 2 54% 1887 2 § 1897 2 45 
1858 2 53% 1868 2 47¢ 1878 2 84 1888 2 42 1898 2 45% 
1859 2 55 1869 2 59 1879 §$ 2 1889 2 45 1899 2 44 
Ten yearly 
average 2 56°05 2 §1°45 2 52°305 | 3 48°22 2 46°26 


These figures fit fairly well a normal curve with average 
2 min. 50°87 secs. and standard deviation 5:20 secs. The 
standard deviation for the difference between two records is 
therefore 5-2/2 = 7-4secs. This is only exceeded eleven times 
between consecutive years, and no difference between consecu- 
tive years reaches twice this; hence there is no proof of any 
sudden change having taken place between two races. The 
difference between some of the times for years early in the 
period and those later in some cases exceeds 20 seconds. The 
standard deviation for the difference between the averages for 


two periods of ten years is 5:2 i (— + =) = 2°33 secs. The 


difference between the averages for 1850-9 and 1890-9 is nearly 
Io seconds, and is significant, as is the difference between the 
averages for 1850-9 and 1880-9. The intermediate differences 
are hardly significant. Hence we find that some cause was at 
work which gradually quickened the race between the fifties and 
the eighties. 


2.—THE MARRIAGE RATES FOR ENGLAND AND WALES FROM 1860 TO 1909 WERE 


1860 177r { 1870 16:1 | 1880 14:9 | 1890 15:5 |; 1900 16:0 
1861 16-3 | 1871 16-7 | 1881 15-1 | 1891 15:6 | Ig01 15°9 
1862 16r { 1872 17-4 | 1882 15°5 | 1892 15°4 | I902 15:9 
1863 16°8 | 1873 17:6 | 1883 155 | 1893 14°7 | 1903 15°7 
1864 17-2 | 1874 17:0 | 1884 151 | 1894 15°0 | 1904 15-3 
1865 17°5 | 1875 16-7 | 1885 14-5 | 189§ 15:0 | 1905 153 
1866 17°5 | 1876 165 | 1886 14:2 | 1896 15:7 | 1906 15°7 
1867 16°5 1877 15°7 | 1887 14:4 | 1897 160 | 1907 15:9 
1868 16° | 1878 15:2 | 1888 144 | 1898 162 | 1908 15-1 
1869 15°9 | 1879 14:4 | 1889 15:0 | 1899 165 | 1909 14:7 
Ten yearly 
average . 16°70 16°33 14°86 15°56 15°55 
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The average for 50 years is 15°80, and the standard devia- 
tion for the 50 records is -89, and, taken irrespective of order, 
the distribution is nearly normal. There are no sudden jumps 
from one year to the next. The standard deviation for the 
difference between two averages of ten years is -4, and hence 
the fall from 1870-9 to 1880-9 and the subsequent rise is 
significant. 

The first twenty-five years shows greater variation than the 
second twenty-five, and we can make a finer test. 


1860-1884. o=2-894 oV}=-566. 1885-1909. o@613 oV 5 =-388. 
Average. Average. 
1860~4 16-70 1885-9 14°50 
1865-9 16:70 1890-4 15:24 
1870-4 16:96 1895-9 15:88 
1875-9 15:70 1900-4 15°76 
1880-4 15'22 1905-9 15°34 


There is a significant fall from 1870-4 to 1885-9 and a 
significant rise from 1885-9 to 1895-0. 

The argument should be illustrated by a diagram, which 
will suggest to what periods the test should be applied. 


Periodicity. 


The general question of the existence of a period of a length 
not predetermined is a mathematical problem, that of 
harmonic analysis, and is not suitable for discussion here ; but 
we can test the influence of periodicity if the length of the 
period is given. 

Take the case of a given interval, say one year where the 
records are monthly, and consider whether the differences 
between, say, January and February are such as might occur 
in a random choice of observations irrespective of time. Suppose 
the records extend over ¢ years, so that there are 12 x # in 
all, that their average is # and their standard deviation from 


the average o = R (EI), where x stands for any obser- 


2t 
vation. 
The standard deviation of the difference between two 
averages each of # records selected at random is 


Mg+d} =o 


z*2 
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and the chance of exceeding this deviation is found from the 
table of normal probability (p. 271), if the records regarded 
as a group are nearly normal, or otherwise satisfy the condi- 
tions of p. 299. If instead of taking random selections we 
compare the average of the ¢ January records with that of the 
¢ February records and find that the difference exceeds twice 


or three times o 4/ re and similarly for other months, then we 


have evidence that the quantities measured are affected by 
the time of year, unless the records of a month include some 
quite abnormal entry. 

It is not, however, easy in this method to include all the 
evidence. Thus if we take the 180 records of unemployment 
on p. 161 we find that the average is 4:269 and the standard 
deviation is 1-924. The standard deviation for the difference 


between two averages of 15 is therefore 1-924 4/ 7 =-70. This 


is exceeded, but not greatly, when we compare the averages for 
January or December with those for April, May, June or July, 
and there is no other difference which might not arise in 
random selection. There is, however, cumulative evidence 
which can hardly be measured. Thus the averages fall from 
December through January, February, March (if we omit 
the abnormal entry in 1912), and April to May, and rise month 
by month from May to October. This suggests a wave motion 
which the method here suggested is incapable of measuring. 
Another method, also difficult to make precise, is to compare 
the numbers of falls and rises from an assigned month to the 


next. 
Jan. Feb. Mar. Apr. May June July Aug. Sept. oe Nov. Dec. 


to to to to to to to to to 
Feb. Mar. Apr. May. June. July. Aug. Sept. Oct Nov. Dec. Jan. 
Falls . 12 13 10 10 5% 4 ef IO 65 ~ 10 
Rises . 3 2 5 5 9f I A 7 6 oO 4 


Thus in 12 years the February number was less than that 
for the preceding January, and in 3 years it was greater. 
Where the numbers are equal, 4 is counted for each row. 
Now in 15 trials in each of which + and — are equally likely, 
the chance of obtaining 10 or more of like sign is about 3, 
so that the movements March to April, April to May, October 
to November are not very improbable in a random selection. 
The chance of obtaining 12 or more of the same sign is only yx, 
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and the movements from January to February, February to 
March, July to August, November to December, would hardly 
occur, if there were no influence from the season. 

The conclusion seems to be that there is a cumulative 
decrease from November to March or April or May, and a 
cumulative rise during the early summer. 

Another example gives more definite results. The records 
of the catch of haddocks are recorded (North Sea Fisheries 
Investigation, Granton) monthly for 18 years, the unit being 
I cwt. per month per vessel. The average is 172 and the 
standard deviation of the 216 records is about 108. 

The standard deviation for the difference between the 
average of one a9 compared with the average of all is 


108 vq (; ag = 26°5 approx., and for the difference between 


the averages of two months is 108 v= = 36, in both cases if 


the selections were random and there were no seasonal 


influence. 
The averages recorded are :— 


bend - ror | April . July .  . 247 ] October . 227 
ebruary . 115 | May .  . 145 | August . 282 | November. 181 
March. .125| June .  . 196] September . 267 | December . ror 

Year. . 172 











Here January, February, April and December are more 
than twice 27 below the average, March and May are not less 
than 27 below the average, each month from July to October 
is more than twice 27 above the average, June and November 
are within 27 of the average. The conclusion is definitely 
that the season July to October is better than the season 
December to April. 

Also the movements between consecutive months are more 
than 36 in the following cases: March to April, April to May, 
May to June, June to July, September to October, October to 
November, and November to December. April is clearly the 
worst month, but it is doubtful whether August is established 
as the best. 

From the original figures we have 

Jan. Feb. ate a May June July ace Sept. oe: Nov. Dec. 


eee to to to to to 
: Feb. Mar. AG May. June. July. hia Sept. Oct. Nov. Dec. Jan. 


Falls . 54 10 16 4 4 #7 +4 +‘%&©b j&wW rr rg 8 
Rises. 12 8 2 4 #%4 «iI 4 7 7 7 2 9 
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Here a number greater than 11 or less than 7 is likely to be 
significant. 
NOTES. 


1. The standard deviation of an average is often given as a ,» instead 





of a as on p. 289, on the ground that we should distinguish between the 
deviation from the unknown true average and that from the average of 
observations. 

Let %, be the true average of a group whose standard deviation is o,, and 
let # things be selected from it which give an average ¥, and which separately 
are X,, X,... with standard deviation o. 

Write ¥ = %,-+ d. 

The deviations of X,, X,... from the true average are X,—%,, X,—%y..., 
and the standard deviation of these is by hypothesis a5. 

Hence o,*= Mean (X —%,)*= Mean (X — %-+d)"= Mean (X —%)?+ d? 


2 
= o§+ =e. , since from formula (38) the standard deviation of the 


average is o,//n 
n 


n~—I 


oe van Wei agen) 


Hence the observed o should be divided by V/n—1, not V/n._ 

The modification is only of theoretic importance, for the difference is only 
perceptible with quite small values of », and ¢ is liable to an error of the 
game order as this difference in any case. 

2. When ason p. 159 and pp. 375, 387 we measure the deviation of an obser- 
vation in a time series from the average of # years of which it is the centre, we 
waght to pay attention to the risk of error due to averaging, measured by 
o/Vt, where a is the standard deviation of the observations in neighbouring 
years. The standard deviation of the difference between an observation and 


; oe 
such an average is not o but A (or4 = )= o ws —. Since ¢ is small, the 


error is perceptible, and the deviations as shown on such a diagram as 
that facing p. 155 are imperfectly estimated, and the measurement of 
correlation on pp. 386~7 lacks precision. 


o2 





ee wo? = 





CHAPTER V. 
EMPIRICAL FREQUENCY EQUATIONS. 


IT cannot be assumed that frequency groups in general are 
expressible by the law of great numbers, for the particular 
complex of independent causes which leads to its equation 
cannot be postulated for observational groups in general. The 
main use of the normal curve is in its application to averages 
or other functions whose methods of generation are known. 
Its applicability to anthropometrical or biometrical groups 
must be verified for each class of measurements, and the 
question whether mental and moral characteristics are normally 
distributed needs special investigation. There is, however, a 
presumption that in very many classes the normal distribu- 
tion represents fairly the central portion of a group (from the 
centre to once or twice the standard deviation) and that the 
chance of an observation differing from the average by more 
than twice the standard deviation is not large, and conse- 
quently the table of normal frequency affords some guidance 
even in non-normal cases. 

For complete description of groups either a more elastic 
system is needed to include wider classes than are covered by 
the curve of error, or equations on an empirical basis should 
be found to fit special classes of observations. In this chapter 
we deal very briefly with equations that serve one or other of 
these purposes. 

The general method is to select a mathematical equation 
involving 2, 3 or 4 unknown constants, the constants being so 
chosen as to make the curve represented by the equation fit 
the diagram formed from the observations; the number of 
points on the diagram being more numerous than the number 
of constants, we obtain more equations than unknowns and 
the best solution has to be chosen. A usual way of meeting 


343 
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such a difficulty is by the method of least squares (p. 452), 
but with observational frequency curves Professor Pearson’s 
method is generally used, equating the moments deduced mathe- 
matically from the equation of the curve to the moments 
obtained (as in Chap. I, p. 253) from the observations. This 
method has already been used (p. 305) when the average, 
standard deviation, and skewness (7, o, «) have been obtained 
from the first three moments of the observations, and it is 
always used in the system described in the next paragraph. 
Other methods are to obtain those constants which satisfy 
the condition that the observations would be found in a random 
sample with minimum improbability or to select a small number 
of chosen points at which the equations shall be exactly 


satisfied. 


Professor Karl Pearson’s System. 


It is necessary to call attention to the system of curves 
introduced by Professor Karl Pearson, since the notation 
involved has become general in statistical investigations, and 
it is advisable to indicate their relationship to the present 
treatment. For a detailed treatment, however, the reader is 
referred to Mr. Elderton’s book, Frequency Curves and Correla- 
tion, and Mr. Hardy’s Theory of the Construction of Tables of 
Mortality. 

Ho Hi --- fe... are used to denote the successive moments 
of a frequency curve. jo, the area, is taken as unity. jy, is zero, 
if the curve is referred to the ordinate through the centre of 
gravity of the curve. When this is the case, o, the standard 


2 
deviation, is defined as ,,. A, is written for 3. and 8, for 
at 


. 
The equation 
___(&+a)y 
D.y P + b,x +- aX e @ e e e (84) 


is the basis of the analysis. 

This satisfies the condition that the curve should touch the 
axis when y = 0 and also be horizontal at one other position, 
namely when x = —a. That is, the curve has one mode. 
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It is found in practice that it is useless to continue the 
denominator after the term 0,%°. 

The integration of this equation leads to the three alterna- 
tive general forms : 


x \Ya1 %\¥es x2 -™ ee 

yay(ttz) (t-2Z)"y=y(r+5) 2 * 
and y =Yo(% — a) "x °%, 
where y, and the sets of three constants (v, a,, a,), (m, a, v), 
(a4, Ys, 9,), are determinable by means of moments from 
a, bo, 5;, b, in the basic equation. Mr. Hardy gives an alter- 
native method of analysis based on an apparently simpler 
notation. 

When there are special values of a, bo, 5,, b, or special rela- 
tions between them, simpler equations involving only two 
constants, or even only one, are obtained. In all, seven 
principal types are distinguished, and Mr. Elderton shows how 
each can be fitted to appropriate observational frequency 
groups. The algebra and the arithmetic involved are some- 
what heavy. The results of the application of the method to 
food expenditure are given on p. 310. 

The equation of the normal curve of error can be written 


in the form 
x 


Dy —— a 7. e@© «© e© © © @ -¢ (85) 
and is one of the special types. 
The second approximation to the general curve of error 


gives 
Ko" 
(+9) 
Dy =—-e_ 9 ROX oo e© © © © @ e@ (86) 
o* + 3 
where «? is neglected, and is also a special case. 

It has been found, especially by Professor K. Pearson and 
his co-workers, that unimodal observational frequency groups 
can very generally be represented adequately by one or other 
of the variants of the formula. Hence the calculation of the 
average, o, 8,, and 8, from the observations forms a general 
and useful way of expressing a group by four intelligible 
quantities, carrying further the process by which an average 
is commonly taken as representing a group. 
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From these quantities the equation of the curve repre- 
senting the group can be deduced in its appropriate form, gnd 
then it is possible to interpolate values of y for any value of x, 
whatever the grading of the observations may be. 

It is not proposed here to discuss how far these equations 
can be used in questions of probability, nor to consider how far 
the fundamental formula is empirical and how far it is depen- 
dent on hypotheses of chance generation. 


Professor Edgeworth’s Method. 


Professor Edgeworth has developed a formula based on a 
transformation of the normal curve of error which represents 
classes of cases whose skewness is too great to allow them to be 
included under the second approximation of the generalised 
law of error. It has not yet been tried sufficiently to decide 
how far it is useful for description, interpolation, or other 
purposes. (See Statistical Journal, two series of papers, com- 
mencing December, 1898, and July, 1916, respectively.) 


Professor Pareto’s Equation. 


The equation Dy = — = , obtainable from the system 
described above by taking the case where b,=0 and 
by = as =— -, represents a curve which slopes downwards to 


the right for all possible values of x, when m Is positive. 
In its integral form it is logy = —mlog* + const., 
or y=Cx-™”, 
The area of the curve from x to 9 is 
fo 1-~m]” 
z =| Cx-™dx = E | 
z z 


I—m 





if m>rI. 


~ (m —1)xm-W? 





Write a for m — 1x and A for _C 


A A 
Ys te ee (8) 


The last equation is the simplest form of ‘‘ Pareto’s Law ”’ 
for incomes. Here A and a are constants and z is the aggregate 


=< and we have 
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number of persons whose incomes are at or above {x (or x 
francs, etc.). 

Other groups, ¢.g. the number of houses of various annual 
values, where the number of instances and the variable are 
capable of very wide ranges of values, and which are suitable 
for graphing on double logarithmic scales, are also found to 
conform to the same formula. 

In the case of incomes, the aggregate of incomes from {x, 


to {x 1s 
*s Aa I I 
Jp saa Gag) 
The number of incomes in the range is A (~ — =). 
1 2 
The law is not generally found applicable to very low or 
very high incomes. If it did extend to the maximum income, 


we should have 





Aggregate income at or above {x = ihe 

Number of incomes at or above {x = = N, say, 
and hence 

Average income from {x upwards = - . 17% 


and these equations would give A and a immediately from 


records of incomes. 

Pareto’s equation fits the statistics of incomes of 1911-12 
paying super-tax very well over the range {5,000-£55,000 ; 
above the latter income it gives numbers in excess of the 
recorded income. 


a =1°5, log A = 9-618 are found to give a close fit. 


Range of Incomes Number of Incomes. 

(000°s). Calculated. Recorded. 
£5to f1o . . . 7,546 7,412 
Io, 5 . ‘ ‘ 1,890 2,029 
4; 20. & & 790 787 
20 ,, 25 e e ° 424 438 
25, 35. = 3 4ll 382 
35 ” 45 . bd - 199 186 
455 55 + «© » 103 107 
55, 6§ . .« -« 70 56 
65 75 + « -« 50 37 
75» Yo . . . 118 55 
rooandover . .. 83 66 








Totals. . . «. 42,700 11,554 


Agoreqata nf inramecs (C: lenieted ‘/rhA nan nan: 9 serded free ean ein 
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If a doubly-logarithmic diagram is drawn, the range over 
which a straight line is a good approximation can be seen, and 
a trial value of a is suggested by its gradient. This value may 
be tested by choosing two values for x, say x, and %3, which 
give values of N represented by points lying nearly on the 
empirical line, say N, and Ng. 

_ log N, — log N, 

es ~ log x, — log x, ° 

If we take x, = 5,000, %, = 45,000 from the table just 
given, we have N, = 11,554 and N, = 321; hence a = 1°63. 

This method, however, assumes that the number up to 
the maximum income conforms to the law, which is not generally 
the case; and in practice it is better to take three values 
Xy, Xq, Xe 

Then the equation 


f (e) =(S-z5) * (ga-ga) 


number of incomes from x, to x, 
= 
number of incomes from x, to x5 


is sufficient to give a. Suppose a = 1-6 is the trial value; 
calculate f(a) — Rk fora =1°5, a =1°'55, a = 1-60,a = 1-65 in 
succession, and obtain by interpolation a value of a which 
makes f(a) = k as nearly as possible. Then test the resulting 
value against other parts of the record. Given a, A is easily 
found. 

Another method, which perhaps uses the data more com- 
pletely, is to use the equation, 

Average income in the range x, to %, 


a ( I I ee r) 
a-— J ai ta ° 1" %_°/" 


=k, a known quantity, 





For various workings on the formula see House of Commons 
Committee on the Income Tax (H. of C. No. 365 of 1906, 
pp. 220-30, 240-I, 245-6). 


Makeham’s Formula. 


The equation -i.2 =a-+bc* leads to a formula im- 


portant in actuarial work. 
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For convenience in integration write 
a= —logs, b= —loge x logg. 
Then log y = x log s + c* . logg + const. 
. y = ks* . (g)*, where k, s, g,c areconstants. . . . . (88) 


This is Makeham’s formula where y is the number of a 
given generation who survive to the age x, and is written /,. 

The ratio of the number of persons dying in an interval, 
5x, to the number alive at the beginning of the interval, divided 
by the duration of the interval, is 


L — Leyes = qT dl, 

Le 5% de dx e ° ° e e e ° (89) 
when the interval is indefinitely diminished. This expression 
is written mu, and is called ‘‘ the force of mortality.” 

The differential equation of the formula then gives 


fe, = a+ bet a oe ae ee ee . (90) 


and the assumption is that the force of mortality is the sum of 
two quantities one of which is a constant a, and the other 
bc* = y’,, Say, 1s such that it increases in a constant geometrical 





, 
tr & 


. D 
progression, for —“— = loge. 





A more complicated form, obtainable by writing a + a’x for 
a above, is used by Mr. Hardy (loc. cit. p. 88) and in the 
Report for 1912-13 on the Administration of the Nattonal 
Insurance Act, Part I., p. 585 (Cd. 6907). 

He also uses a hyperbolic equation for graduation, 


2 yo m n 
a 5 Sr ae re ee 
where y is the number of husbands below age x and N is the 


total number of husbands (Construction of Mortality Tables, 
pp. 50-1 and Cd. 6907, p. 595). 


CHAPTER VI. 
THEORY OF CORRELATION. 
Introductory. 


One of the principal classes of problems in statistics is to 
determine whether phenomena are independent of each other, 
and if not, to measure their dependence. 

In this chapter we consider principally the problem as it 
arises in connection with two or three variable quantities, the 
causes of whose variation may have something in common. 

Suppose that we have pairs of observations, e.g. the height 
and span of a man, the heights of pairs of brothers, the income 
and rent of a household. Let the pairs of measurements be 
(X,, Y,) (Xq, Y,), etc., and let there be a frequency group of 
the X’s and another of the Y’s, with averages z, 7. Then if 
X and Y are completely independent, when we are told a 
value of X, we shall have no knowledge about the magnitude 
of the corresponding value of Y ; the chance that it shall have 
any particular deviation from ¥ is simply that given by its 
own frequency curve; but if there is anything common to 
X and Y in the causes of their variations, the statement of 
the value of an X will presumably affect the probability of the 
deviations of the corresponding Y. 

X and Y may of course be connected rigidly by an equation, 
as, for example, X lbs. and Y kilos. may be different ways of 
expressing the weight of the same body, so that X = 2-204Y, 
and Y/X is constant. In the cases with which we have to 
deal, however, the connection is not one of direct relation ; 
when X is given, Y is not determinate, but in a series of 
measurements (e.g. of height) we shall find for the same X 
varying values of Y. 

If the average or shape of the frequency curve of the Y’s 
associated with a given X is not the same as that for all values 


350 
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of Y when the sorting by values of X is not made, then there 
is something common to the two quantities, and they are said 
to be correlated. 

An obvious first method of analysis is to arrange the 
observed values of Y in “ arrays,’’ each array containing those 
values for which the X is the same, as in an ordinary cross 
table. The average Y; of an array of Y’s when X = X, 
would, if there were complete independence and the number 
of observations were great, tend to equal ¥, the average of 
all the Y’s ; if it differs from 7 by more than would be expected 
in random sampling, then there is an indication that the value 
of Y is not independent of that of X. 





In the figure let O represent the averages of the X’s and of 
the Y’s. Let x:, %;, be the excess of X;, Y, over their averages, 
z, 7, and let OM be a selected x, and MQ be the average of the 
y’sin that array, so that MQ = Y, —¥; and let the marks 
x x .. indicate various positions of Q. 

Then if Y is independent of X, x x x will lie away from XX’ 
only if the observations are not sufficiently numerous to give 
the true averages. If Y is not independent of X, Q will tend 
to have a definite locus, which a free-hand line drawn through 
its various positions will approximately define. If this is 
the case we can write Y, — 7 = f (X; — #), so that when X, 


352 ELEMENTS OF STATISTICS 


is given, though the actual value of Y, is not known, yet Y,, 
the average of the array found in repeated selections, is approxi- 
mately determinate. 

Similarly, if we take an array of X’s corresponding to a 
selected value of y, (ON), the averages of these arrays, such as 
R, marked 0 0 0, tend to lie on a curve X, —# =f, (Y: — 5), 
where f, is not the same as f. 

The locus of Q is called the curve of “regression ”’ of 
Y on X, and that of R the curve of regression of X on Y. 

It frequently happens that these curves are approximately 
rectilinear, especially in the neighbourhood of O, so that 
Y, — 7 = kx, approximately, where k is a constant when », 
is small 
ae approximately, for 
any small value of OM, and may presumably be found by some 


The gradient of this line, , equals 


method of averaging the various values of as We return 


to this on p. 355 and p. 364. 

We can approach the problem from a different aspect as 
follows. 

Let there be m magnitudes X,, X,..., and m magnitudes 
Vii Yes 3 

Select at random an X, and independently select a Y, and 
form the product XY. Then in the long run, when a particular 
X happens to be selected, the various values of Y will come 
with equal frequency, and in the long run each of the n? 
products X,Y,, X,Y, ... X,Y,... XaY, will occur with 
the same frequency. 

The sum of a very great number, N, of the products 


= S(XY) =S(@+2)(7 + y) = Nay +%.Sy + 78x + Sxy. 


Here Sy tends to be an +e +... +n) = 0, and Sx also 
tends to o. 


S(xy) tends to be 5 (My FH Vg te. HHgVy t+ oe. +2 nyn) 
= + . 8%. Sy =0. 


Hence S(XY) tends to Nzy, and the mean of the product 
XY tends to equal the product of the means of X and of Y. 
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But if the selection of Y is not independent of that of X, 
the n*® products x,y, etc. do not come with equal frequency, 
and mean XY = zy + Mean xy. 


Again if # is the unweighted average of M, M,..., where 
in the notation of pp. 319, 320 M: = #% +m, and 72, is the 
weighted average, where W, the weight for M, =w+m, w 
being the average of the weights. 


I payne 


aWi(rt es) ee ee OH 


m™ 


Wty = m only if Swm, = 0, and this will only be the case if 
” is large, and if on the whole a large weight is not more often 
found with a large than with a small quantity, or vice versa. 


On p. 288 it was shown that with the notation above, the 
mean of (x +)? was o,*-+,?, where o, and oa, are the 
standard deviations of X and Y, if the selections of X and 
Y¥ are quite independent. 

It is easy to see that when there is dependence the analysis 
is modified and leads to 


s* = Mean (x + y)®? =o,% +06,3+2.Meanxy . . (92) 


The Coefficient of Correlation. 


Hence it appears that the quantity Mean xy enters into 
many expressions when X and Y are not independent and 
that in itself it gives an indication of the existence and amount 
of correlation. However, its magnitude depends on the 
units used in measuring x and y so that there is no natural 
scale for:it, and consequently a quantity defined as follows is 
used in preference to it. 


If X,Y, XYs, eee Xe Ve eee Kala are pairs of measurements, 
and the averages and standard deviations of the X’s and Y’s are 
A A* 
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£, Oz, J, cy, then the coeffictent of correlation between X, Y is written 
Yzy, Where 
= Sh — 2) WI _ g(x 9) 
NOxCy nm \Ce Oy 
(taking X,= #-+ %, Y= jf + 4) 


{S (X¥z) — #SV¢ — fSXe + xy} 





~ Nowy 
=a, 8 (X:Y:) —nxy}, . . « «© 2 «© © (93) 
since SY; = ny, SX: = 
In the examples just given 
Mean XY = £9 + rryozoy 
My = ™ m(x + mw 2) 
s* =o? + oy4 + 272yorcy. 
Write 7 for rey. It can readily be shown that 7 is never >1 
or<—TI. 
For niy2g 2g 2 = (Sxeyr)?; 
but n*0,7oy —(Sx t yt)? 
anced, )(YPHIB+ .. )— (M+ MV—et -- .)8, 
since moz?=%,2-+4%,?+..., and no?=y,!+ y.%+..., 
= (%1Y_ — %39)* 
+(%pVa—%aV1)P+ «+ (%:V3—%aVa)*+ (Xn Yn-y—Fn_-pn)? 
which iS > O, unless 41Vq— 421 = o= Ny Vg — X%gVy =A oes, and 


Sa tate=,,.=—= =+- — 
in which case the expression = 0, andy= + I. 


- gt oe Jct, and I>r>-—I, unless y varies directly as x, 


and then y=+lo0r—I.. . . . 6 « « (94) 


Hence r is a quantity which a on all the observa- 
tions, is zero when independence is complete and Mean xy = 0, 
is independent of the units in which X and Y are measured, 
increases whenever a positive x, is found with a positive 
or a negative x; with a negative 4,, but only reaches the value 
+ 1 (which it can never exceed) when x and y are connected 
rigidly by the equation y = x constant. If positive x’s 
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are found with negative y’s and vice versa, y varies from 0 
to — I. 

y is therefore a sensitive measurement of the amount of 
correlation. 

To distinguish it from other measurements it is sometimes 
called the sum-product coefficient of correlation. 

If the pairs are grouped in arrays, such as % 1s} %e Ve --- 
and y, is the average of the », suena Ye a¥e-.., then 


Sxy = Sx. MIs, and — oy ae SG x," 2), where Sn,x,? = no,* 
Xs 
MQ 


2 vis therefore a here average of the ratios OM 02 P- 352; 


and y =f 7 . x is an approximation to the locus of Q. 
eo 


On the following pages we examine the circumstances 
which give r various numerical values, study the distribution 
of X,Y on various hypotheses, and find the equations of the 
lines of regression. 


Nature of r. 


Let X and Y be two variable quantities which depend on other 
variables U, V, W in such a way that 


Xe = Ue + Ue +... + pUe + Vi + Ve +... + oVe, 
Ye == Us + QU: +... + pUe + We + We +... + We, 


where ,U; is selected at random from a frequency group of any 
form whose mean is ,# and standard deviation ,cu, ,U; is selected 
independently from another group, and so on throughout the U’s, 
V’sand W’s. # and q are any integers. 

Write ,U; = ,2 +m etc., and X; = «+ %, Y:= 9 + y¢ where 
% and 7 are the means of all possible values of X and Y. Let ag, 
ay be the standard deviations of X and Y. 


Then %¢ = 4M + tte +... + pte + ye + te +... + ot, 
= ye + gts + 06. tb ple + We + ite +... + te; 
Og? = yout +... + pout + yoo! 2 ar + gor’, 
and oy? = ou8 +... + pout + you! +... + gow’, 
since, by hypothesis, the #'s, v's, and w’s are all independent of 
each other (p. 288). 

If u=gou==.. = Cu, 0v== r=... =o, and ;ow=ow=.. . = ow, 
or if oy%, ot, ow* are mean values of the U, V, and W standard 
deviations squared, then 

og! = poy? + govt, oy? = poy? + gow". 
AA* 2 
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Also, mean %¢, = mean ,%;" + mean .@7+-... 
+ mean ,% .,we--... + Mean ,M%. e+... 
= boy’, 
for, since, by hypothesis, the selections of the various U’s, V’s and 
W’s are independent of each other, such a term as mean jt . yW 1S 


zero in the long run. 


Hence 
co 2 


y = mean KVt/Ox y= Vi( pout + gov’) (Pou? + qou')} ’ (95) 
and, in particular, if cy = ov = ow, 


Hae nes esa chs ves hs OE 


This is the simplest conception of the numerical value of 
r; expressed in words it shows that the correlation coefficient 
tends to be the ratio of the number of causes common in the 
genesis of two variables to the whole number of independent 
causes on which each depends. 


If constants a, b, c, d are introduced so that 


Se ee (97) 
Ye Cy. ye t+... top phe +d, Wet .. + dy. gt ° 


then of? =S.@%o,2+S .d%o0%, oy? = S. clay? +5 . doy? 
mean %V1 = Sacou’, 


and the expression for r can be readily written down. 


The Correlation Surface. 


Consider the case where the frequency curves of the U’s, 
V’s and W’s are normal, and in the first place let us examine 
the grouping of X,Y in the simple case where 

Ke = thy + Ue, Ve = Me HP We. 


The chance of the concurrence of selections 1, v;, w; is 


q _ «2 I »,3 sd 
—=e we x em) x ey “20,8, 
OV 20 o,V 20 Cy V20 


Eliminate v, and w,. 
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The chance of obtaining % (to + 5x), : (to % + dy), when 
a particular value ™ (to «+ 6) has been selected from the 
U group, is 





5 asa otto) 
eter ant . 6x by bu 
CF yO y(27)? 
I — $k {u, - la, — my,}8 - Har,8 +2hay, + by,%) 
2 2 bu 
Guo u(2m)i’ eae 
where k= + ats p Has, km=— - 
Cu Ty Ox" 
a=—-, — ki, b ——* h = — kim. 
oy Ow 


The chance (say P,,) of obtaining x, y, from any value 
of « is obtained by adding the chances of obtaining them 
from an assigned value of u. 


Hence, writing x, y for %¢, 2, 
I ~ t(ax* + 2hy + by’) [" I R(t — Lag — my)? F 
e ; a 


== € é i 
or 








Pe, = 
om CulvOw . 27 
I — 4 (ax? + Qhry + by?) 


 gurvowzr ke k 
Now = oz? = ou? + oe, oy? = ou? + ow’, roroy = ou? 


‘ee (ou® + ov) (74? + ow?) — ouf 7% 25,2 (1 — 7?) 
° Cg utoy ow? Co utc vo w? 
on) eae 5, a, een | ee) (Rel es =) = rey 
. : sd i(k Rl) ie + owt how’ outow* 
I 


oz? (I — 7) 








and similarly 
I 





~ oy8(I — 73) 
; z ws r 
a a acide as SR awe er | 
I Z aT (a : m . oH) 
7. = eee ee 
east iad 


By an extension of this method it is shown (Elderton, 
Frequency Curves, pp. 109 seq., following Pearson, Trans. 
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of Royal Society, vol. 187 (1896), A, 175) that if x4, y; are formed 
by the weighted sum of a number of variables, all of normal 
frequency, as expressed in the equations (97) above, Pe, is of 
the form «e~ 4*+2zv+by) as just found, and when the con- 
ditions that this surface shall have unit volume, standard 
deviations o,, o, and mean product 7o,0, are expressed by 
integration,.the values of «, a, h, b are the same as in the simple 
case discussed. 

Though this method is of considerable interest, and by it 
the measurement of correlation by the product-sum formula 
was introduced into modern statistics by Professor Pearson, 
its importance is greatly diminished by the assumption that 
the elemental frequency curves are normal. The following 
analysis is free from this assumption ; it is derived from 
Professor Edgeworth’s paper on The Law of Great Numbers, 
to which reference has already been made. 


Edgeworth’s Method. 

Let 
Ke= Ue tgteb. «tps «nts, Ve = Vette Fe. type e ee Hats, 
where ,#; is the deviation from its mean of a quantity selected 
from a curve of frequency whose standard deviation is jeu, 
and 0%... nM, 3: .-. nt have similar meanings. Let 
the selection of the various «,’s be quite independent of each 
other, so that mean ,% 4, etc. tend to zero, and let the v,’s 
be similarly independent; but let some, at any rate, of the 
v’s be not independent of the «’s, so that mean ,%#,° ,u, 
MEAN 9%; * 9%, . . . MEAN nM * wv; do not all tend to zero. Such 
a quantity as mean ,%,° 4%; is, however, to be taken as tending 
to zero. 


Let n be large and z negligible, and the other conditions 
described above (p. 299) be satisfied, so that the curves of 
frequency of x and y taken separately are normal curves of error. 

Then o,? = S(,o,), o,2 = S(,¢,4), 

and mean xy =S(mean o@. 5%), « » » «+ (99) 
where # is any integer from 1 to #. 

Now rotate the axis on which x and y are measured 
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through an angle 6 determined by tan2é = arte where 


eS is the coefficient of correlation Sait x vr y. 
y 
Thus we write 


X; = x,cos? + y,sind, Y, = x, sin 8 — y, cos 6. 
Similarly write 
oU; = pu, cos 8 + ,v;,sin#, »V,; = p%.sin @ — ,v, cos 6.* 
Then Xi = =§ pUt, and Yi = SpVe. 
Mean X;Y¢ = sin 6 cos 6 (cz? — oy?) — cos 26. (mean xy) = 0, 
from the value assigned to tan 20. 
= cos?§.o,*+-sin?6.cy*-+sin 20 .rozoy = S (mean pU;?) 
= sin?@.0,*-+cos*6.o,?—sin20.rozoy = S (mean pV¢°) 
*. ox? + oy? = 07? + oy 
ox? — oy* = (o;4—9,*) cos 26-+-27oz0y Sin 20 = (o,*—oy*) sec 26 
= V{(o2* — oy*)? + 4r%02%o,°} 
4ox%oy? = = 4oz ay? (I —= 7?) 
mean pU;. pVe = sin 00S 6 (pou® — por*) — cos 26 (mean ptéz . pt). 
* S(mean pUt. pV:) =meanX;Y;=0....... (x00) 
Now follow the method of pp. 296-7 above for calculating 
the moments of X and Y. 
Let a, 8 be any small constants, whose use is to collect similar 
terms. 
tke + Bre —— pt 0etB Ve x e” aUet+B Ve XKeae 


Expand the exponentials, give ¢ all possible values and 
take their mean, remembering that the mean of a sum is the 
sum of the means of its terms, and that the mean of a product 
of independent factors (as are the factors on the right-hand 
side) is the product of the means of the factors, and that the 
mean of first powers is zero. 

In the expansion of the left-hand side, the coefficient of 

a‘! occurs in mean (aX + BY)*t! = (k + 2)!, and equals mean 
(X*Y’) — (R171), where k, / are any integers. 





* These meanings of X, Y, U, V are of course not connected with the use 
of the same letters on p. 355 above. 
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The right-hand side = product of » factors 
{r + da® (mean pU;*) + 3? ( ies pV") + af (mean pUrpV:) +...}, 


log (z+. +e i ~ (mean X FY) +... e 
where & or | may be zero, 
= S[log{1-+4a* (mean ,U;*) + $6?(mean,V;4) +a8 (mean yU; pV:2)+...}] 
= (expanding by the logarithmic series and adding terms) 
4.2S(mean ,U;®) + $8? S (mean pV;*) + a8 S(mean ,U; pV) +... 
= fa®. ox? + 38%. cy? + a8 X0* + terms involving a’, a49, etc. 
By arguments similar to those on p. 297 it is found that the 


I 
terms in a® are of order —= yp in comparison with terms in a?, 
Nn 


- and hence, when a is neglected, 
ee 48% 8 
I+.. i Lae xe 
= (2-+4atox*+ bp ldatos ‘) (x-+4ptet+ ba bBtoy. , 
Equate coefficients of terms on the two sides of this 
equation. 
We have (when /=o) mean X#*+1=o0, mean xe 22) o,* 





as in the normal curve, and similarly for Y when k =o, 
All means involving odd powers of X or Y are zero. 





I)! 
Mean (X*Y*) = ey oy™ eho jt de Se a Gh. a OT) 


These are precisely the mean powers found by integrating 
the surface 


x? y3 x? y? 
+a) _ aS 
ee Se ~(% : to ra Bit “fot 
2710 xO, o, Var o,V 290 


where X is independent of Y. Hence, as on pp. 297-8, we 
may take this equation as giving the frequency of X, Y. 
It remains to transfer back to the original axes. 
As already shown oxoy = ozoys/(I — 73) 
X2e,2 + Y%,3 
= (xcos 6 + ysin 6)4cy4 + (xsin 6 — y cos 6)8o,3 
= (costo, sin*dos%) +9%(sin*Goy!+-costéag#)—zysin 26(ex*—oy9) 


* From equation (100). 
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Then sum of the coefficients of x4 and y? 
=o;x'+ oy'= o2*-+ oy, 
and their difference = cos 20(cy!—o,*) = oy? — o', 
hence the coefficients are o,* and oz’. 
Also sin 26 (ox? — oy*) = tan 20 (c2* — oy”) = 2rozoy. 


X? I 
ple tay sa a 2 
Hence 5 + ot ~ aate,t(r = 7 {x8oy* + y2o2* — 2rogry . xy} 
and the equation of the surface is 
__ i a yf ray 
I g1-7) {a os oxty 


arom) _— 


as already found (formula (98)) on the simpler hypothesis that the 
elemental groups have normal frequency. 

In this equation o,2=So,,%, ¢,2=So,*, rozoy=S . (%p. pou + pr); 
from equations (99), where 7, is the correlation coefficient 
between pu and ,v. 

Constants can be introduced in the original equations so 
that = 14,4 + a4 +... andy =,b,0+,00+... 
without affecting the method of analysis. 


Properties of the Normal Correlation Surface. 
The centre is at the average of the x and of the y variables, 


Volume = | { zdxdy 
as a ] x y 8 y" 
=-—__*__ | -sa-m(2 aan 4553 dxdy = 
Se _f ec % dxdy=t 
: e e (103) 
Second moment in y = | | zytdxdy 
ee ee ee 
an ae 2(L- sr) ot 8g OF dx! 
Se i i 
where #/ = % — r— .y; then integrating in respect of x’ we find 
y 


that the expression 
y? 


a 
I | _ Se dy =aoy* by formula (2t). . . « « (04) 


oyV 2" 
and similarly the second moment in ¢ is o,*. 
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Mean product of sy= | axydxdy, +0 being the limits of 
integration, 


l id v 
—— on ) ~ 201 = 8) o,8 al Oy dx'd 
a IY apm 8 AP y y 
y? 
~t 
y a =7 e e ° ® Py . ° ry « (IO 
aeons aye Y= Voy (105) 


| i zyxdxdy = 37r0;%0,, | | axtyidxdy = (2r8+-r1)og4oy4. . . (106) 





The section by every plane parallel to XOZ, YOZ is a normal 
curve. E.g., if x= 4%, 
saa ( ris tx) 4% 
ee ee re 16  % . , , (107) 
anontyV I — v4 


which is a normal curve with its centre at y = rv iy standard 
@ 


z= 





deviation o,V1 — 7’, and maximum ordinate 


%,? 
I o2 


2noxtyVI — #2 


The frequency group of the y’s corresponding to an assigned 
value of x is therefore normal, and its standard deviation is in- 
dependent of x. The average of the group (and its mode and 


median) is for all values of x on the line y = fe x=x tan dy, 
oe and this is the line of regression (p. 352). 
ra — is the coefficient of regression of y in relation to x. 
Similarly for a given value of y, the frequency group in 
x is normal, its standard deviation is o,VI —7, and its 


average is on the line x = rity, say y =x tan gy. 
y 


rae is the coefficient of regression of x in relation to y. 
¥ 
The geometric mean of the two coefficients of regression 


is 7. 
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Horizontal sections are similar ellipses. Thus if z= 4, 
Ean 4+ x — 29 a a=— 2 (1 — 78) log (z,270¢0yVI—73) . . (108) 


The major axis of any such ellipse (where we take o,>0,) 
makes the angle @ with the axis of x, where 


270 70 y 
tan 26 = Pe RIE 
2% y 
21040. 2’C 20 
Now tan 26, = —.—-.,,, and tan 24, = ——__ *_".. 


If y= +1, 0 = qd, = dy, and the surface degrades into the 
plane . = = Otherwise, when |7|<1, $6, >9> ¢,, and the 
lines of regression lie on either side of the plane of the major 
axis of the ellipses, and on either side of ae If os=oy, 0= 


and the lines of regression are equally inclined to the planes 
containing the principal axes of the ellipses. 

It should be noticed that the surface is completely deter- 
mined by five quantities, viz., two averages, two standard 
deviations, and one correlation coefficient. 


Recttlinear Regresston. 


We have found that under certain conditions, of a simple 
nature and dependent mainly on plurality of causation, the 
line of regression, that is the locus of the averages of one 
variable (y) for given values of the other (x), is straight and 
passes through the position representing the general averages. 

If the conditions are not rigidly, but only approximately, 
satisfied, there is a presumption that rectilinearity of regres- 
sion will be approximately attained. 

It may well happen that regression is still approximately 
rectilinear even if the variables x and y are not normally 


distributed, and that the equation y= “¥ x may still be 


the equation of regression, though the surface of distribution 
is no longer determinable from the value of r. 


Let there be m, values of y in the array corresponding to a value 


J 


%, of x, and let their average be j,. Write m, = = so that me is 
€ 
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the gradient of the line of regression determined from one group 
only. 
Then it is shown above (p. 355) that tan ¢,, = rat, is a weighted 
M7 


average of m,, m,...ms..., the weights being mexs* &c. 





Let ON = %s, NPs be any value of y found with x, and NQs=js 
be the average of m,such values. Let a line y = ax + 6 meet NPy 


at Rs. 
Then Mr. Yule shows (Séatisttcal Journal, 1897, pp. 817-8) that 
the sum of all values of (RsPs)?, 1.e., S[ys — (axe +- b)]8, extended 


r Cc - 
over all values of xs, is least when b=0 and a=y.-%. This 
Cz 


method depends on “least squares,’’ for which see Appendix, 
Note 10. 


This line y=yr = x then passes through the observations in 
Eo 


such a way that the sum of the squares of the distances of the 
points representing the observations, measured from it parallel to 
the axis of y, is a minimum. This line is, then, whatever the 
distribution, a good single representation of regression. 


We can proceed a step further, if we assume that the 
dispersion of the y’s in any s** array is independent of the 
value of x,, and is alwayso,. For if the averages tend to lie 
on a straight line, and only fail to do so exactly because of the 
paucity of observations, then the deviation from the average, 

~ (B.04)" 


namely R,Q,, has a curve of frequency Ke ™ 


(p. 312). 


3 

C. 
where o? =—3. 
nN, 


THEORY OF CORRELATION 365 


Hence the joint probability of deviations R,Q,, R,Q,... is 

1 2 
a = ga SM (Ba Q) oh : 
K’e , and this is greatest when Sms (RsQz)? is least. 
Sme(RsQo)? =§ {Ns (Fs =< (ax%e+ b))3} 

= S(meje*) + a*S(nexs*) 
+ Nb? — 2aS (Mafiexs) — 20Snafet+-2adSNsX%0, 

where N=... tf mat wees 

Here Sigs == 0 = Saxe Since the origin is the double average. 

S (maxe®) = Sx? = Noz?, S (mejores) = Sxy = Nrozoy 
and the expression equals 
Sn? + N(aoz — roy)? + Nb? — Nr*o,3. 


This is least when 6 = 0, anda=~r as before. 
EP 


The line y =r ae x is then the most probable locus of 


regression, if we assume rectilinearity and independence be- 
tween deviation in an array and the corresponding value of 
x, the deviations from rectilinearity being due to fewness 
of observations. 

The value of Sa,(R,Q,)? reckoned from this line is 
S2,j72 — Nr*o,?. 

If, however, there is nothing in the genesis of the measure- 
ments, or in their results, to justify the assumption of recti- 
linearity, 7 ceases to be an intelligible measurement of the 
amount or degree of commonness of causation, though it may 
still be a useful function of the quantities in analysis. 


The Correlation Ratio. 


To obtain a measurement completely independent of 
assumptions about distribution of the observations, Professor 
Pearson has devised the correlation ratio (Drapers' Company 
Research Memotrs, Biometric Series, II., 1905). 


Let soy be the standard deviation of the s“ array, so that 
Me. aoy* = S(ye — fs)*, and write o* for the weighted mean of 
Fy", goy*... SO that Nog® = S(me. soy*) = SS(ys — f.)*, the inner 
summation being extended over an array, and the outer indicating 
the sum over all the arrays. 
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Write Now* = S(m,7,*), so that o,* is the weighted mean 
square of the averages of the arrays. 


Then No,?=S(y*), the summation being extended over all 
values of y, and 


Nog® = S{S(ys8)— 27S ystmaje*} = S(Sy2?—tmsfa?) =S(y")—S (mayo?) 


“. oy? = on*® + og%, as is otherwise evident. 


Now write = co ,/ (x2 — =) » « « (109) 


m is then called the correlation ratio. It is the ratio of the 
scattering of the averages of the arrays to the scattering of the 
group not regimented into arrays. 

mn =0 only if oc, =0, and therefore if every 7,=0; that 
is, if the average of every array is coincident with the general 
average of the group. 

n =I only if o, =0, that is if every ,o, =0, and the terms 
in each array are concentrated at a single point, 7,. 

Otherwise I>7>0. 

In normal correlation every ,oy = 0,./(I — 7?) formula (107), 
and then og? = o,*(1 — 7’), and 7? =r’. 

In other cases we have, as shown above, p. 365, 


Sne(RsQs)® = Nom? — Nriay? = N (n* — 72) 0,3 
vir +e be Be ty S. “AERO) 


and {n|>j |r|, unless every R,Q, iso and the means of the 
arrays all lie on the line y =7 “Y 2 


We may now sum up the treatment of correlation so far. 
If (x,y) is a pair of measurements (from their averages) 
of two variables (related in space, in time, in a thing or in 
an organism), and if when * is given as positive (or negative) 
there is a presumption that y is positive (or negative), or a 
presumption that y is negative (or positive), then the variables 


are said to be correlated. In such a case = Sxy does not tend 


to zero when # is increased, but to a limit written as rc,.0,. 
y =0, =I, = — I have definite meanings; , is sensitive to 
all kinds of relationship between x and y. In general it 


THEORY OF CORRELATION 367 


may be expected to be the greater as o, (the mean scattering 
within the arrays) is less. If x and y are each the sum 
of #+q independent elements of which # (only) are common 
to x and y, then r equals #/(p + q), if the standard deviations 
of the elements are equal. If x and y are generated linearly 
from a multiplicity of independent causes (some of them 
common to x and y), then 7 defines the whole frequency 
distribution of the pairs, the regression loci are rectilinear, 


and their equations are y = r= “¥ x, and x = ras .y. If the 


normal frequency surface cant be assumed, “but regression 
is rectilinear, the same equation is a good empirical state- 
ment of regression. If nothing can be postulated as to the 
distribution of x and y or the averages of the arrays, the 
meaning of the numerical value of 7 is undefined (as is always 
the case with 7 when it is not o or 1). In general, however, 
y may be said to measure the amount that is common in the 
systems of causation of x and y. 


Correlation between Ungraded Variables. 


The measurement of correlation by the methods so far 
discussed is only possible if we have adequate detailed observa- 
tions. Cases of great interest arise when such detail is not 
forthcoming. 


Cotour oF Harr. 


Parent. 





Suppose that sons and parents are separated according 
to the colour of their hair distinguished as light or dark; and 
that of m, sons of light-haired parents ¢ have light hair and 
the remaining @ dark; while of m, sons of dark-haired parents, 
d@ have light hair and the remaining 6 dark. Leta +b =m, 
C+d=Nn,, and 2,+ 2g= N = m+ mg. 

Required to determine from these data whether there {fs 
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a relationship between hair-colour of sons and parents, and, 
if so, to measure it. 

* If in such a case normal distribution of the variable (say, 
amount of pigment) and normal correlation can be assumed, 
the problem is determinate. For the ratios my: N, and n,:N 
give (by inverse use of the table, p. 271) the abscisse on the 
scales of pigment which correspond to the division between light 
and dark; for any given value of 7 the fraction of the correla- 
tion surface bounded by planes through these abscisse is 
known, and the equation of the fraction 0/N to this is, con- 
versely, an equation for 7. 

The necessary analysis is given by Pearson (Phsl. Trans. A, 
Vol. CXCV, pp. I seg.) and Elderton (Frequency Curves, 
Chapter VII) and results in a troublesome equation for 7 
which can be solved approximately. 

If we have control of the data and can make both separa- 
tions at the median, a simple solution can be given. 

Suppose that intelligence in arithmetic and in algebra 
is normally distributed. Arrange a large class of N boys 
in order of intelligence (as known by marks or otherwise) in 
arithmetic ; now mark also their order in respect of algebra, 
and suppose that 8 are found above the median in both 
respects, ¢ below in both, d above in arithmetic and below 
in algebra, and a above in algebra and below in arithmetic. 
It is not assumed that intelligence is measured, but only that 
an order can be assigned. 


Then a +b=S=ct+d=ate=b+d, 
a=d=({—@)N, say, and b=c=(}+49)N. 


It can be shown as follows that 7 = sin 27g. 
Take the standard deviation on each scale to be unity. 


: I nee 
Let the required surface be ce ear e7 A phy) Ot VF ~ erzy) 
T 


Vian 


The principal axis of the surface then makes 7 With the axis 


of x. (4+) equals the volume in the doubly-positive 
quadrant bounded by the planes y=o0, ¥=0, and these 
planes cut off each of the similar elliptic horizontal sections 
(t +) of their area. Take the ellipse x? + y* ~ arxy = 1. 
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Hence in the figure 
Elliptic area CPQ = (} + gq) of area of ellipse. 


Let 6 be the eccentric angle of P. 
The ellipse referred to its principal axes is 


(II—r”/#@+(1+7y=1. 
tan@ major axis JS ") 


37 minor axis I-—? 
tan — 
7 = — Cos 26. 
pigs 2 area CPA 20 
7 = Grea of ellipse — 27° 

Tv 

2nrg = 20 —— 
q 2 
and sin 27g = — cos 26 =», 


E.g., if 40 % of the boys were found to be above the median 


in both 
t+g=-4, g= 15, = sinyga = 81. 


If q=0,r=0; if g=},r=I. 


In the table relating to 83 boys given by Mr. W. Brown 
(Biometrika, Vol. VII., p. 366), 11 boys are above the median 
in algebra, but below in arithmetic. Here g = } — }} = -12, 
and x = -68. Mr. Brown using the complete order (and not 
merely the median) obtains -65, and using the marks obtains +79. 
All need correction, given by Mr. Brown, for age and position 


in school. 
B B* 
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If normality of distribution of the two attributes cannot 
be postulated, the problem of measurement of the amount 
of correlation becomes indeterminate, and a number of methods 
have been tried. 


Association. 


The expected number of dark-haired fathers with dark- 
haired sons, if there were no causal connection, would be 


WXPXN= 8, where out of N cases #, sons and m, 
parents were dark-haired. 

The notation of p. 367 being adopted, and a, , 6 being the 
number in the a, c, d compartments that would be the most 
probable in a chance arrangement, we have 


at+b=a+fS=n, atc=a+y=m, etc. 
and a—a=b—R=c—y=8—-d=b-“PI 


_, O(a ash tnd Sd Je bao +B) ead ow, say: 


Then g is a measure of association, but no definite meaning 
can be given to it except in — cases. 





Instead of g, Mr. Yule takes Q = pha = - “ (the ‘‘ coefficient 
of association’) or » = We : vag (the “coefficient of colli- 


gation’) as measurements. (See Introduction to Theory of 
Statistics, p. 37, and Statistical Journal, 1912, p. 593.) 
Q =o =0, if bc =ad, and g =0, the case of no association ; 
and Q =» =1 if a or d is zero, and —1 if b or ¢ is zero, 
which cases correspond to the maximum of association on 
this method. 

These coefficients have therefore definite meanings in 
extreme cases, but the meaning of (¢.g.) Q = # can only be 
appreciated by the examination of numerous instances, and 
in the end it can hardly be affirmed that a greater Q means 
a greater amount of “ association,” for no definite measurable 
meaning has been given to the term “‘ association.” 
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Contingency. 


If, instead of trying to find the amount of association, we 
ask for evidence of its existence, that is whether the observa- 
tions could arise if the attributes were independent, we are 
on surer ground. 

If p: 1 — p is the ratio of dark to light-haired among sons 


in general, then from the observations = a is the best value 


we can assign. 

Hence the chance that, if N sons were divided arbitrarily 
(e.g. according as their Christian names began with A to K 
or L to Z) into two groups containing respectively m, and mg, 
of them, a would be found in the first group is that discussed 
above (p. 282-4), and may be written 





I ee 
aa é i, (Tee being neglected), 
where % =a —pm,=a—“l=a—a=gN* 


o* = p(t —$)m,(x— Tt) =F. 


The chance that so great a deviation, positive or negative, 
as (@—a) should occur is 


x 
i de, where z = -. 
2] o Vat o 


Notice that 
xt gINS = gN3, (1 + 4) (m, + my) 
ot NyNgmm, NNeM,M, 


I I 
ne a ee 
ae, (b boo ema Oe = ~ 8)" = X? say. 


65 _|_235 
E.g. in the distribution 35 | 365 


MN, = 300, == 200, m,= 100, m,= 400, N = 500, 
=192, a=60, x=qN=5, 


<= 1-14, F (1-14) = +373 (p. 271), and 2{$ — F(1-14)} = -254. 


* g has the same meaning as in the previous paragraph and is not 1 — p 
as in Chapter IT. 


B B*2 
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The chance against obtaining 65 or more or 55 or less, 
when roo are selected out of 500, and the chance in one selec- 
tion is 300 : 500, is °746 to :254 or about 3 to I. 

Given ,, m,, N and a, the remaining numbers J, c, d, m9, mz, 
are known, and the chance just found is equally the chance 
affecting any one of the numbers 8, c, d taken independently 
of each other. It should not be spoken of as the chance of 
the distribution as a whole; to find this we should need to 


know the chance # from a wider universe, and not as 7 deter- 
mined from a limited number of observations, and also the 
general chance to which + is the approximation. 


To illustrate this difficulty, we will consider a problem 
that has often been discussed. 





Pree Vaccinated. Totals. 
Recovered . . a b My 
Died. . . . c d | Ns 
Totals . . mM, Me | N 


In an epidemic of smallpox the number of cases is N, of 
whom m, were vaccinated, m, died, and other categories are 
as shown in the table. 


The recovery rate, as shown by the whole statistics, is ef 


and if vaccination (whether directly, or by the other attributes 
correlated with it) had nothing to do with recovery, then the 
chance of a vaccinated or an unvaccinated patient’s recovery 


would be 3: and the chance that as many as 0 recover out 


of m, vaccinated is 
eins 
: NiD ~" Aynginyms 
ee, C e ax, 
b-p V(29N,n,m, mq) 





where gN = b —8 =2;; if this is small there is evidence of a 
relation between vaccination (or the circumstances that lead 
to it) and recovery. 


The rate i however, is subject to a standard deviation of 
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J “Te and unless this is negligible its effect on the computed 


result should be tested. 

A measure of the advantage (or disadvantage) of vaccina- 
tion (apart from evidence of the existence of some effect) 
could conceivably be obtained by comparing the recovery 


rates and <, but apart from the statement of these rates 
1 


and their standard deviations there is no direct method of 
procedure. 

The question of the existence and of the measurement of 
association becomes more complicated when, instead of simple 
alternatives in each attribute, we have several different classes, 
for example several grades of hair colour both in father and son. 

Professor Pearson has introduced the “coefficient of 
contingency ” for the measurement of such a case (Drapers’ 
Company Research Memoir, Biometric Series I, 1904; Elderton 
Chapter X). 


Numbers of Observations. 
Classes of First Attribute. 


~~ a, as % 

5 . oy by Ny 

ed 

ns % Cy Ns 

St ° e e 
t J 

i< $e 

O m, m, eR ck | N 


Let 11, % .. .. M%,, mM, ... be the totals of lines and 
columns as in the table, and N the total number of observa- 
tions. 

Then if #,/N, m,/N are assumed to be the accurate propor- 
tions of the first class in each attribute to the total, the most 
probable number to be found . the position of a,, if there was 
no association, would be a, = “ xv xN. Similarly values 

. +» By, Ba++) Ys Yg--- Can be computed for the other places. 

The divergences a, —a,, dg —a,... 6, —f, ... afford 
some measure of association. Since an excess or defect is 
equally probable, it is convenient to take the squares, (@,—a,)? 
etc., instead of the linear quantities. 

Analogy with the case of four categories suggests the 
formation of the function 


_ (4 —4,)* 4 4— a)? (2, (5, — B,)* 
X? = ere - Rw ag +...$... (tr) 
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This function also has a place in the measurement of the 
appropriateness of a formula to represent given observations 
(formula (130)). 

The coefficient of contingency is then defined as 


C = a ~ e r e e e e e (112) 
N 
TT xa 
When X = 0 and there is no association, C = 0. 


As X increases, C increases from 0, and tends towards I as 
3 
=~ becomes great. 
N gr 


3 eee 2 eas 2 
+ = era a eal oe +..., and depends only on 
ratios, not on the whole number measured. 

It can be shown (Elderton, p. 147) that if the numbers 
@;, Ag. . . 6, etc. are those which occur in appropriate 
divisions of a normal correlation surface, and if the number of 
divisions is large, while N is so large that the smallest of the 
entries is not less than a small integer, then C approximates 
to 7, the coefficient of correlation. This relation appears to 
have suggested the form of the function of X? which defines C. 

The value obtained for C differs according to the number 
of divisions taken, and this consideration diminishes its utility 
as a measurement ; but a method has been given by which this 
difficulty can be overcome (Biometrika, Vol. [X, pp. 116-1309). 

The significance of particular values of C can only be 
appreciated by experience of many cases. 

It should be noticed that C, and the analysis of the previous 
paragraph, can be applied to cases where classes can be defined, 
but have no measurable attributes. 


Correlation of Time Sertes. 


So far we have been concerned with the correlation between 
two statistical groups where the measurements all relate to 
the same time; we have still to consider how to test the 
relation between two series, where the pairs %1, 71 ...%p.Vp s+: 
%:,Y_ are measurements of quantities at successive intervals. 
Here it is generally the case that one value of x is not inde- 
pendent of those that come before or after it, and the relation- 
ship found between x and y may merely reflect a general or 
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periodic progress in time and not any more intimate connec- 
tion. Nearly all series in time have a trend, and these 
trends, whether equally rapid or not, or in the same direction 
or not, will yield a high correlation coefficient even if the 
quantities are otherwise independent. For example the 
coefficient between : 


I, 2, 3 © © © «© «+ 20 
Ioo,98,96 . . . . . 62 


where x=? and y,=100—2(¢—1), is—y, 


We need to find the correlation between the deviations 
after the time element is eliminated. 

One method * is to obtain smoothed lines for each quantity, 
as above (pp. 132 seg.), to compute the differences between 
the observations of each year and the values given by the 
smoothed line, and to treat these differences as the quantities 
whose correlation should be measured; +.e. to measure the 
correlation between such quantities as those represented on 
the diagram (facing p. 155). 

If the series are markedly periodic, the result would be only 
to bring out the correlation due to the periodicities, and these 
are better studied by harmonic analysis. And if the series 
are strongly ‘‘ compensated ” (p. 148), so that a positive devia- 
tion is generally followed by a negative one, the correlation 
would reflect this symptom. 

But if the oscillations are random, so that apart from a 
regular trend the measurement of one year is unrelated to 
the measurement of adjacent years, the coefficient, calculated 
between the deviations from the smoothed lines, measures the 
same kind of relation as that already discussed in the correla- 
tion of groups. 

Let xp, ¥p be a pair of measurements in the p* year, and 
let Zp, Jp be the averages of the measurements of m years of 
which the #* is central, m being odd. Then the correlation 
coefficient to be calculated is that between x, — #, and yp — jp. 

The method can also be applied if the smoothing is effected 
by the method recommended by Professor Persons (The Review 
of Economic Statistics, No. I, 1919, Harvard University Press). 
In this method the average y is calculated for m years during 


* See Hooker, Statistical Journal, 1901, pp. 485 seq. 
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which the trend appears to be in one direction and without 
any marked change of gradient, and the smoothed line is 
assumed to be of the form y — 7 = ki, where ¢ is the number 
of years from the centre of the period. & is determined by 
the condition that the sum of the squares of the deviations 
from this line shall be a minimum, viz., that S{y, — (7 + k)}3 
is @ minimum, where y; is the observation ¢ years from the 


centre. Then k= eet 
n(n + 1)(2n +1) 


If m=2an+1, S®=2(r? +... +73) ian aaa 


This method overcomes partially a difficulty that occurs 
when moving averages are used in a case where the trend is 
continually concave (or convex), and the averages always 
below (or above) the observations. 

Another method, introduced by Miss F. E. Cave (Royal 
Society’s Proceedings, Vol. LXXIV, p. 407, 1904) and by Mr. 
Hooker (Statistical Journal, 1905, pp. 696 seg.) and more 
recently developed by Professor Karl Pearson, Miss B. M. 
Cave and others, is to correlate not the observations but the 
differences between successive observations. A period of 
m-+I years is selected, in which the observations are 
XqXy.. + Xm and Yo,¥y . - - Ym, and the coefficient of correla- 
tion between the pairs %;—%p9, ¥i— Vg, %g— Xp) Ve “Ve ee 
Xm — Xm-y Ym — Vm-q 1S calculated. 

Since the average of the quantities x, — %9, %, —%,... 


. I 4s 
is = (%m — Xq), the deviations from the average which alone 


enter into the formula for 7 are the excess (or defect) of the 
increment in a particular year over the mean increment, or 
they may be described as the annual variations from the trend. 
If the smoothed lines of x and y are markedly concave or 
convex the correlation will be dominated by this symptom, 
but if the observations oscillate in an irregular way about a 
straight line, we shall obtain a measure of correlation inde- 
pendent of the element of time. 

To get over the difficulty arising from concavity or con- 
vexity a more elaborate method, named by Professor Pearson 
that of “‘ variate difference correlation,’ has been devised.* 





* Biometrika, Vol. X, pp. 179 seg. and pp. 340 seg. 
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This is based on the assumption that x, can be expressed as 
Xp = X, + bt, + ct? +..., where X, is independent of the 
influence of time, and the effect of the time can be expressed 
as a parabolic function: and similarly y, = Y, + b%, +... 


Xp+4 — %p = X41 —Xpt+b+e(a%+i+... 


Mr. Hooker’s method ignores c and further constants. 
The second difference gives 


Vy+1 = 2Xp + Xp-j = X41 es 2Xy +- Xy-1 + 2C ~- 6dt, eee 


and its use ignores d etc., assuming a strict parabolic form. 

It can be shown that when time is eliminated the correlation 
between any differences equals the correlation between X, and 
Y,. The process is complete when the correlation coefficient 
is no longer affected by proceeding to a further difference. 

There is, however, a great difficulty in applying this method 
to any differences except perhaps the first three, owing to 
the want of precision or the small number of significant figures 
in ordinary observations. The effect can be seen if we take 
the squares of the numbers 2:6, 2:7 . . . when written only 
to the first decimal place. 


a8 


> 
Sada aU P 
mMOCONG 


The second differences if written completely are all -o2. 
The method is, in fact, too refined for ordinary statistical 


observations. 
The difference between the methods may be exhibited as 


follows. 
The x quantity that is correlated, if we use the fourth 


difference, 1s 6{%9 + 23(%_ +%-,) — #(%, +%-,)}, where the 
suffixes mark the distance to right or left of the centre; 
here the extreme terms increase the expression. 
If we take the moving average based on five terms, the 
quantity is 
Hy—E(% gt¥-y t%y+%y +49) =$(%q—F(%e +¥-2) —3 (4, +4-,)) 
and the extreme terms diminish the expression. 
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The eighth difference gives 
By — $(%y 3) + 4(X%q + %-2) — ahe(%s + %-s) + Holt + ¥-«) 
while the moving average gives 
Hy — E(u + %-3) — H(M%e + 4-2) — H(%y + %-5) — HM + ¥-4)- 
On the other hand, the second difference gives 
Xo — 3 (% + % + %-3), 
and is the same as that obtained from a moving average based 
on only three terms, and therefore subject to a very considerable 
chance error. 

The various methods need further examination and more 
experience of their applicability. It appears that the moving 
average does not give the right importance to extreme terms, 
while the difference method is too sensitive to the effect of 
roughness in observations. In either case, the resulting 
measurement of correlation depends on the assumptions 
made, and is not so easily intelligible as in the measurement 
of correlation of groups. 


Graphic Comparison of Serves. 


Apart from the determination of a measurement of correla- 
tion, the problem arises of how best to exhibit the relationship 
graphically. 

The following method is useful. Let %5, % . . . %n, Vis Vos ++ Vn 
be deviations from moving averages (as in the table on p. 387), 
or (if there is no trend) be actual measurements, and let ¢ and 
be their averages. 

Make a graph of the values of y on any convenient scale, 
time being measured horizontally. Then the x values may be 
placed on this diagram on any scale and with any origin. 

Take 8 as the origin for x, and let 1 unit of x correspond 
tocunitsofy. bandcaretobechosen. A convenient method 
is to select them so that the sum of the squares of the vertical 
distances between the points representing pairs such as x, y, 
shall be a minimum (Appendix, Note 10). 

That is S{c(x + b) — }* is to be a minimum. 

By differentiating with regard to 6 and to c, itis found that 
S(% — #)(y —7) 
no," 
deviation of the +’s. 


C= 


, and c(# + 6) = 7, where o, is the standard 
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The averages of the deviations should therefore be marked 
at the same point on the vertical scale, and the differences 


from their average of the x’s should be multiplied by <3 and 


then measured on the y scale above and below the average, o, 
being the standard deviation of the y’s and 7 the coefficient of 
correlation. 

An example is given in measuring unemployment in the 
Statistical Journal, 1912, pp. 799-800. 


CHAPTER VII. 
EXAMPLES OF CORRELATION. 


In this section the results of several experiments and 
observations are given to illustrate the theory discussed above, 
and to show the arithmetical working of the measurements. 

It should be premised that the theoretical value of r would 
only be obtained exactly in an infinite number of observations. 
It is shown in the chapter on probable errors that 7, as calcu- 
lated from x pairs, may differ from its true value by an amount 
whose standard deviation measured on the normal scale of 





— ye 
error is = Fe . Thus in the first example the correlation 


coefficient is known to be -6 ; 24 pairs are taken, and we should 
— +62 

expect to be within are = -13 of -6, while it is very unlikely 

that the difference would amount to 3 times -13. Conversely, 

if we do not know the coefficient @ priort, we must read with 
I—?7 
Vn 

Some of the examples are intended to show simply the 

arithmetical methods of working out r from the observations. 

In others when the observations are numerous the averages 

of arrays are obtained and comparison is made with the 


equation y—jy=r “3. (x — #), which is the locus of these 


our calculated value + 





averages if regression is rectilinear. 

In the final example the distribution of 1,000 pairs is 
compared in detail with the distribution given by the theoretical] 
correlation surface. 

In general x and y are measured not from their averages 
but from an arbitrary origin and then 7 = (222 — i) + 040, 
by formula (93). 
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Example 1.—To obtain a simple illustration of correlation 
when all the circumstances were known and the coefficient 
could be stated a priovt, digits were taken from a mathematical 
table at random. x, was taken as the sum of 5 digits, and y, 
also as the sum of 5 digits of which 3 were included in the 
5 which made x, and 2 were different, and 24 pairs (x,y,)... 
(xyz)... were formed. The correlation coefficient for such 
pairs is # (formula (96)). In the example in which only 24 
pairs were taken it was -537; the standard deviation of the 


coefficient 2 is ae = -°13, so that the deficit from so small 
a number is not remarkable. 
The following table shows the working. 


x y xi y? xy 
22 32 484 1,024 704 
27 27 729 729 729 
12 19 144 361 228 
21 30 441 goo 630 
21 26 441 676 546 
27 26 729 676 702 
23 25 529 625 575 
17 22 289 484 374 
25 23 625 529 575 w= 24 B= 23, 7 am 233 
II 9 121 81 99 240,3= 13706 — 24 (2375) 
16 24 256 576 384 a, = 618 
20 28 400 Se 560 Og = 5°36 
37 29 1,369 4l 1,073 I — 24% 
33 25 1,089 625 825 Y= 13334 — ee? 
18 20 324 400 360 40108 
24 26 576 676 624 =<357 
22 17 484 289 374 
17 16 289 256 272 
32 27 1,024 29 864 
29 29 841 4I 841 
26 17 676 289 442 
27 20 729 400 540 
26 26 676 hs 676 
21 17 441 259 357 


554 560 13,706 13,756 13,354 


The arithmetic is simpler if x and y are measured from an 
origin 23 in each case. 


Example 2.—Where we have few and sporadic observations, 
it is simpler to work out the arithmetic in full. For example 
the infantile mortality in 26 towns is in the adjoining table 
compared with the population (to the nearest 1,000) of these 
towns. yr is only twice its standard deviation, and its exact 
value is therefore uncertain, but there is evidence that the 
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larger the towns the higher the mortality. To attack the 
question of the causes of infantile mortality seriously, it would 
of course be necessary to take many more instances and to 
consider many other factors besides crude population. 


POPULATION AND INFANTILE MORTALITY IN 26 TOWNS, 
Population. Mortality. 





* x £y 
000. 
55 162 8,910 
39 201 7,839 
36 241 8,676 
35 162 5,670 
31 179 = 55549 
30 174 5,220 
27 176 4,752 
24 208 4,992 
24 163 3,912 Sry —~ nzy 
23 206 4,738 v= a ora where 
22 172, 3,784 n = 26 
20 200 4,000 % = 20°346 
19 218 4,142 j = 17531 
19 198 3,762 == +34 
19 132 §=. 2, 508 oe 1 — +343 
16 155 2,480 Standard deviation ofy = a 17 
15 148 2,220 26 
15 220 3,300 
15 141 2,115 
12 169 2,028 
7 155 1,085 
6 129 774 
6 167 1,002 
5 150 759 
5 171 855 
4 161 644 





Totals . 529 = 4,558 +=: 95,707 
Averages 20°346 175931 — 
Also oy = 12:2 og = 27°9 





Example 3.—A good illustrative example of method is 
obtained from statistics arising from the North Sea Fisheries 
Investigation of the size of herrings in relation to the rings 
which appear on their bodies and which are believed to show 
their age, one ring being formed each year. 

The averages of arrays lie very near the theoretic straight 
line of regression, in spite of the skewness of the original 
curves. 

In the table the size is measured on the axis of y, with 
origin at 31 cm. and unit I cm., and the number of rings is 
measured on the axis of x with origin at 7 rings and unit 1 
ring, and the numbers of cases are entered in a square table. 
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n, is the total of cases for a given value of y, and may and 
n,y* and their sums are obtained in the last two columns, which 
lead to the average and standard deviations of the rings. 
Similarly , is the total of cases in an x array, and the sums 
of n,x and 1,x* lead to the average and standard deviation of 
the sizes. 

In the last line the average in each array is given, obtained 
in each x array by multiplying the numbers of cases by the 
corresponding values of y. 

Underneath each number of cases is given in brackets the 
corresponding value of x x y; thus in the column under 

= —I in the row y = 3, we have four cases and sy = —3, 
so that the contribution of these four cases to the sum of xy 
is 4X —3 = -—12. The various terms thus contributed are 
shown below grouped in the four quadrants. 

The origins are so chosen as to include as many zero terms 
in Sxy as possible. (Compare Yule, Theory of Statistics, p. 183.) 


HERRING. NUMBER OF RINGS AND SIZE (LENGTH IN CENTIMETRES). 


























Number of 
. 4 5 6 7 
«|-3 —-2 —rz o Mey gy? 
Size. 
cm. ¥ 
35 4 = z — 24 =. 96 
34 3 I a 4 150 03=— 450 
(—6) (—3) 
33 2 I I II 26 210 420 
(—6) (—4) (—2) 
$2 I x 24 49 53 166 166 
(—2) (—1) 
gr o 45 rs) rs) 
go —I 16 — 61 6r 
29 —2 —20 40 
28 —3 2 —2I 63 
27-4 = —123 48 
26 -—5 I —_ —§ 25 
(ro) 
Totalsmy {| 6 77 137 146 27 43% 1,369 
myx —18 —154 —137 © 96 ct 8r 28 20 12 Saixr= 32 
4x8 54 308 137 ° 96 2 243 #%&rI2 r00 972 Sn x2 = 1330 
Averag 


es in 
arrays . 30°17 30°85 31°34 31°65 32°25 32°92 33°07 33°33 — — 





¥ mm 32 + 554 = 0578. Average, 7-0578 rings. 
oy2= 1330 + 554 — °05782 — -083° of = 1°521. 
J= 43 + 554 = 778. Tale 2 oe 778 cm. 

os! = 1369 + 554 — °7788 — -083° og = 1°335. 





* Sheppard’s corrections, Appendix, Note 5. 
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Szsy ++ —— +— + 
4 32 3 7 4 
16 88 g0 2 6 
24 66 21 — 12 Sry = 636 + 146 — 9 — 154 = 619 
45 24 12 9 6 pm DY = S54 ZY wag 
$s ia 23 324 G18 a 
36 a6 Fe 3 Standard deviation of r = -035 
15 14 6 48 
x8 15 9 49 
4 24 
¥') 
636 146 154 
Length — 31-778cm. 28 Number of rings — 7-0578 
+335 cm. = "5 1°52 
Number of  Lengthdeduced Average of 
rings. from equation. arrays. 
cm, cm. 
4 30-36 30°17 
5 30-82 30°85 
6 31°29 31°34 
7 31°75 31°65 
8 32°21 32°25 
9 32°68 32°92 
10 33°14 33°07 
I! 33°60 33°3 


Example 4.—The following example is given to illustrate 
the value that may be obtained for r, when in the nature of 
the case there can be little correlation. For x the last digit 
of each of the (7 figure) logarithms of the numbers 2500-2549 
and 2600-2649 was taken ; for y the last digit of the logarithm 
of a number 50 greater than %, 1.¢. 2550-2599 and 2650-2699. 
y is found to be :086, which is less than its standard deviation 
for 100 pairs. 

At the same time is shown an alternative method of setting 
out the arithmetic, which in some cases is simpler than the 
other methods used in this section. 

This method leads readily also to the calculation of the 
correlation ratio. 


OccURRENCES OF Parrs or DIcItTs. 





y 
* {oO r 2 3 4 5 6 F 8 9 n, Sy xSy| #,5,8 
o/;/— — ri —-, tr It I — 4 8 53 Oo} 351 
I 3—- —- t t— — :r : FT 8 31 31 120 
2i—- 2 Tm 31—-e — — I 8 30 60| 112 
3 2—-— I — I — 2 2 38 II 65 #195 384 
4 I 2 2-—- —- 2 I 3 %F —j| 12 5% 204] 217 
5 Ir oF —™ — © © 4 FT— — 9 4% =205{ 187 
6 1 I I 2 — F— 2 YF — 9 636 216 144 
7 3 3 2 ¥ IT 3 FT— 3 =F 18 68 4761/1 257 
8S |—- 2— 3 2 1 —— 2 I Il 49 392 218 
9|/—-— —- - I—->— — FT F 3} 6 45 405} 338 








100 469 2,184 | 2,328 


=¢ 
w= 
mt 
i 
“I 
Ye) 
© 
Lae | 
“1 
“I 
od 
° 
= 
“1 
4 
aN 
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Y= 4:72 Og=269 jm4:69 oy, = 3°03 = 100 
S(* —%) (9 —J) = Sry — 100¥7 = S(xSy) — 10077 = 2184-2114 = 70 


yz —/>_ = 086, Standard deviation of ¢ is -r. 
LOOT gry 


Here m, is the number of times the various x digits 0, I... 
were found. Sy is the sum of the corresponding y’s; e.g. in 
the first line we have 2+-4+5+6+9x4=53. j,is the average 
y for a given x, and equals Sy + n,; 
and Ne = (Sy)? + 1,. 

The correlation ratio is found from the last column (see p. 366). 
100m? = Sn,( 7, — 7)? * = Sn,7j,® — 2/Sn J, + ny" 
= Sn,j," — ny* = 2328 — 2200 = 128. 





= = a = +37, and has a considerable value though the 
correlation coefficient is insignificant. 

Example 5.—The following table gives data from ‘ The 
Report on Heights and Weights of New York City Children ” 
for 3,405 boys aged 14-15. 

























Average Average 
Height. | Number.} weight as — weight from — 
in report equation. 
rigin Origin 
6r aches. 100 fos. 
* n, I, "I, 
—I2 I —12 — 12 144 
— 9 I —20 — 20 180 
— 7 13 —18 — 234 1,638 
— 6 59 —I9g —I,I2I 6,726 
— 5 96 —I7 — 1,632 8,160 
— 4 190 —t14 — 2,660 10,640 
— 3 283 —I2 — 3,396 10,188 
— 2 349 — 8 — 2,792 5,584 
— I 440 — 3 — 1,320 1,320 
° 434 + 2 + 868 re) 
+1 400 + 7 -+2,800 2,800 
+ 2 355 +11 +3,905 7,810 
+ 3 307 +17 +5,219 15,657 
+ 4 200 +20 -+ 4,000 16,000 
+ 5 137 +24 + 3,288 16,440 
+ 6 78 +30 +2,340 14,040 
+ Z 34 +35 +1,190 8,330 
+ 15 + 34 + 510 4,080 
+ 9 6 +42 +- 252 2,268 
+10 7 +42 + 204 2,940 
Totals . |3,405 — 11,479 | 134,945 


* On p. 366 the y's are measured from their average. Here it is necessary 
to subtract 7 throughout. 


c c® 
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¥= +2270 o,= 2:99. Average 61-227 inches. 
j= 3371 og =16-3.° Average 103°37 Ibs. 

Sry — nz7 I 
ae Real Maaeladed J = (F328 = +7652) = 01%, ™ 707 


NOos 3405 
The regression equation is eh == +707 Of 


v 

Height — 61-227 
2-99 

or Weight = 103.4 + 4:345 (Height — 61.23). 

The weights obtained from this equation are given in the 
sixth column of the table and should be compared with average 
weights corresponding to various heights given in the third 
column. The agreement is close from about 57 inches to 
70 inches; but below 57 inches actual weights do not fall off 
so rapidly as in the formula. The regression is not in fact 
linear for low statures. 


34050 m* = Sn, 7,7 — 34057%, and o, = 13°I 
N= Om + Og = ‘81 
Here the correlation ratio is practically the same as the 
correlation coefficient. 


Example 6.—The methods discussed on pp. 374-8 for 
measuring the correlation between two time-series are worked 
out by comparing the value of imports into the United 
Kingdom per head of the population with the marriage rate in 
England and Wales, year by year. 

x is the excess of the imports in any year over the average 
of the five years of which the year in question is central. y is 
similarly obtained from the marriage rate. 


% = — 62, 7 = — +3, 71 = 36°9, og = 3°59, Sxy = 4309, 1 = 50 


A597 oe =65 with standard deviation Fee =09 
This is the measurement of the correlation by the use of 
moving averages. 





{= 





* Calculated from data not reproduced here. 


Years. 


1845 
1846 
1847 
1848 
1849 
1850 
1851 
1852 
1853 
1854 
1855 
1856 
1857 
1858 
1859 
1860 
1861 
1862 
1863 
1864 


1865 
1866 
1867 
1868 
1869 
1870 
1871 
1872 
1873 
1874 
1875 
1876 
187 

1878 
1879 
1880 
1881 
1882 
1883 
1884 


1885 
1886 
1887 
1888 
1889 
1890 
1891 
1892 
1893 
1894 
1895 
1896 
ed 
189 
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_ Imports per head. 





Marriage Rate, England and 
Wales. 


Annual. Syears’ Deviation), uel, 5 years’ 


£3°30 
3°15 
3°21 
2°91 
3°52 
3°97 
4°14 
4°35 
5°51 
5°52 
5°16 
6°16 
6:66 
5°80 
6°26 


average. 


3°22 
3°35 
3°55 
3°78 
4°30 
4°70 
4°93 
5°34 
5°80 
5°86 
6:01 
6°44 
6-71 
6-92 
7°45 
a 

*40 
8-86 
Q°I2 
9°35 
9°41 
9°54 
9°68 
10°09 
10°48 
10°85 
II-1g 
11°35 


I1°47 
II°34 
11-18 
11°28 
II-29 
11°29 
11-52 
11°59 
11-27 
10°92 
10°56 
10°25 
10°37 
10°55 
10°93 
Iremy 


& 


average. 


Deviation 


J 









+ 
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io) 
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To obtain the measurement by comparing differences, the 
table of which the first lines are given was completed. 

















Imports. Marriage Rate. 
x DX D3X Y DY Diy DX.DY D8X. D*¥ 
1845 330 _— 172 aa a 

1846 315 rier: +21 172 ay —I4 sige — 294 
1847 321 Tag | —36 | 158 4) +15 aa | —340 
184 291 3 +91 159 + 2 3 +182 

Dx DIX DY D8y 

Average . 7 « I5*74 I —I9 "04 


Standard Deviation © «© 57°13 80 53 6-78 


Sum of DX .DY = 8902. Sum of D*X .D*Y = 12076. 
Hence y from first differences is ‘60 and from second differences -45. 


Example 7—In the experiment described on pp. 304-6, 
I,ooo sums were formed each of the number of letters in 
1o words. Write A for the sum of the letters in the first 
5 words, B for the sum of the second 5, so that x = A + B. 
After each ro a further 5 words were taken, for the sum of 
whose letters we write C; then y was taken as B+C. We 
have thus 1,000 pairs, for which the correlation coefficient 
should be 4, with standard deviation -024. 

Actually the correlation coefficient was -553, more than 
twice the standard deviation from the fraction expected. A 
possible explanation of this is in the want of complete inde- 
pendence discussed on p. 306. The coefficients for four 
separate groups of 250 (for which the standard deviation is 
7047) were °56, °50, °58, °59. 

The regression is nearly rectilinear in the central region 
from x = 40 to x = 61; outside these numbers there are less 
than 20 cases to one value of x, and the standard deviation 
of the average of an array is greater than 2, so that a comparison 
is not worth while. The standard deviations of the values of 
y, included are from I°3 to 2:0. 
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Value Average value of Interquartile Fe deduced 
of x. corresponding y’s. range of the y’s. from equation, 


40 48-3 104 45°3 
4t 448 10 458 
42 49°I II 46°4 
43 47°4 +S 46°9 
44 47°1 9 47°5 
45 46-4 °F 48-0 
46 48:9 12 48°5 
47 46°4 10 49°I 
48 50-2 II 49°6 
49 51-1 12 50°2 
5° 51°5 II} 50'7 
51 49°6 7 51-3 
52 53°6 13 51°8 
53 53°6 16 52°3 
54 511 Io §2°9 
55 51-9 6 53°4 
56 53°4 14 54'0 
57 52°7 12 54°5 
58 52°79 II 55° 
59 60°2 8 55°6 
60 56 Ir 56°1 
61 57°2 II 56-7 


The interquartile range as calculated from theory (-67 of 
2004/1 — 7*), formule (26) and (107) is 10°5, to which the 
observed ranges approximate, their average being 10°75. The 
range appears to be independent of the value of x, as was to be 
expected from the theory (formula (107)). 

The correspondence of these numbers is evident from the 
diagram, where the equation of the line of regression is 

¥ = 5150 _ on g¥ — S146 


924 S943 
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We obtain a better numerical view of the regression if we 
group the numbers in wider grades, in which the error of 
sampling is diminished, thus :— 


Grade N tae of Average of Average ofcor- x from 
of ¥. i responding z's, equation. 
30-39 ‘e 36°3 43°8 42°9 
40-49 348 44°7 47°7 47°6 
50-59 360 54°3 52°7 52:0 
60-69 173 63°0 57°7 58-0 
79-79 30 727 64:1 63°4 


Here the regression of x on y is taken; in the diagram 
the regression is that of y on x. 
There are two examples below 30 and two above 8o. 


There are various methods of comparing the distributions 
of observations with that given by the normal correlation 
surface, of which the simplest is as follows. 

Take 7 = 3 as given a priors and o = 9°32, the mean of 
the standard deviations of x and y. 

The equation of the surface is 


(23 + y® ~ ay) 





= I = Pe a agi 
aratn/t —r® 
X-Y xX+Y 
v2 > v2 
ea ee 
‘e*e ™,and represents 


Write *= 








The equation becomes z = —F Va € 
the surface referred to its principal axes, inclined at 45° to the 
original axes. 

The volume standing on the area bounded by X = X,, 
X= X,, Y = Yj, ae is 


I aa e ae70 I - - 
Trove ln i Cay Van. Pa | ea) sll 


and can be obtained at once from the table on p. 271. 
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Mark distances on the axis of X as in the figure, OM,, 
M,M,.. . each equal toa//2. Write o,, o, for the standard 


deviations of X and Y. o, = o/3 o,=0/ V2. 


Then OM,= M,M,=... = 0,/V3 = -5770,. 


The proportional volumes of the solid bounded by vertical 
planes perpendicular to the axis of X are then F (+577) 
across OM, F (1-155) — F (°577) across M,Mg, etc., which can 
be found from the table on p. 271, as -2180, -1580, etc. 

Now mark distances ON,, N,N,...on the axis of Y each 
equal to ¢/2, that is to ag. 

The proportional volumes bounded by vertical planes 
perpendicular to the axis of Y are F(1) across ON,, F(2) — F(z) 
across ON,, etc., viz. 3413, °1359, etc. 

Since in the equation the integrals of X and Y are inde- 
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pendent, all sections perpendicular to the axis of X are cut 
in the same proportions by the planes through N,, N,, etc. 

Hence we have the following table which shows the pro- 
portions of the volume of the normal surface standing on the 
squares ON,K,M,, M,K,L,M,, M,L,L,M,... in the first line, 
on N,N,P,K,, K,P,K,L,...in the second line, etc. 


DISTRIBUTION ON SQUARES OF NORMAL FREQUENCY SURFACE. 


X/oy sw ww 8577 HESS 1732-223 2°89 3°46 
F(X/o,) (differences) . -2180 -1580 ‘0824 -0311 -0085 -oo1r7 


Vien praw ion) Products of Differences. 
I 3413 0744 *0539 ‘0282 ‘0106 -0028 -:0006 
2 1359 02906 «0215, «Ss *OIT2 = 0042 = 00I2-—s “0002 
3 0214 °0047. 0034 ‘0017 °0007 ‘0002 -0000 
4 0014 0003 *0002 *OOOT *OOO0! *0000 0000 


The distribution is the same in each of the four quadrants 
formed by the axes OX and OY. 

The decimals in this table x 1000 give the theoretic 
distribution of the 1,000 pairs of numbers if we neglect the 
skewness. 

The observations were marked in on squared paper and 
the number occurring in each of the X,Y squares was counted. 

The results are shown in the table on p. 394. The first line 
in each row repeats the theoretic numbers first given, the third 
gives the observations. 

The agreement is close within the three squares to right 
and left, and two squares above and below the centre, that is 
within + 1°70, and + 20,. The probability of so much 
divergence in a random selection is approximately ? (p. 433). 

To the left of these squares there is a falling-off in the 
observations (31 observations against 41 expected) and to the 
right an excess (54 observations against 41 expected). There 
is, however, a slight heaping up in the 12 squares to the left 
of the centre and a corresponding deficit to the right. These 
are exactly the phenomena we should expect from the skew- 
ness of the original curve (p. 304). The effect of the skewness 
is worked out in the note at the end of this chapter, and the 
results of the corrections are given in the second line of each 
row in the following table. The improvement is marked. 
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For example the expectation in the last three columns to 
the left is now 334 (31 observations) and in the last three 
columns to the right is about 49 (54 observations). 


1,000 Patys of Totals of Letters. 


Distribution of observations compared with normal and 


with skew frequency. 
The central horizontal and vertical lines are not the axes 


of co-ordinates, but are the axes of symmetry, which are 
inclined at 45°. 


First lines. Normal distribution . . (thus 29-6) 
Second lines. Second approximation. (thus 28-7) 
Third lines. Observations . . . . (thus $5) 




















































































oO Oo -3/ 2) <1 “I ) Oo 

0 0 4 4 ? ? 0 0 
0 0 1 0 0 0 0 

o |: 47| 34] t7| -7] 2]. ~~ 0 

0 6-1) 491 3:2) 1:7] ? 0 

0 5 6 4 0 0 

“2 TEMPO BSE 4:2) 12 /| «-2 
? LMermaweem 5:6 | 22 | 
0 85 $20 j}11 5 | 0 0 

6 TOGGLE 106 «28° (7-6 

0 Pome oeerwe 10-1 2-9 | 1-6 
0 72 $61 | 24 8 5 1 

Oo EEK EE 106 «62:81 «6 

0 Peer eeetwe 10-1 2:9 | 1-6 
0 ee ee ee 15 5 4 

“2 TUBS 20 42( 12, 2 

? 28:7 11-6} 56) 2:2 | ? 
0 26 418 ie 8 0 2 

. 34] r7| -7] <2 Oo 

: 4:9 | 32) 1:7 | ? — 

0 3 1 | 0 0 

2 r{/ «xr{ of o 
4 | ? 0 0 
0 0 





The probability of the divergence from expectation as a 
whole has been tested (see p. 433), and is approximately #; that 
is, in only two such experiments out of five should we expect 
so close an agreement.* On the other hand, it is highly 
improbable that we should get so great divergence on the left 
and right if the distribution had been normal (and symmetrical) ; 





* The thick lines in the table are only to mark the regions to which the 
test of p. 431 is applied. 
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the second approximation is necessary for the completion of 
the theory. 

A simple method of testing the agreement of the distribu- 
tion of observations with that given by the normal surface 
may be obtained by studying the distribution of the x-arrays, 
instead of nr as on p. 391 to axes of symmetry. 





y? — 2ray 
<— I e res 20 - rd) (5+4- aed) dx dy 
2701;0,V I — 7? 
-f dy’ | : : en 
= == € x = 
WE y my rma dx, 
where o’ = o,V (I — 1), ha aaa. $.¢., y’ is measured parallel 


to the axis of » from the line of regression as in formula (107). 
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F(s) 
o-! I-2 2-3 
*341 °136 "022 


F(s) Products. 

o-I °341 “116 "047 "007 
1-2 136 047 018 "003 
2-3 ‘O21 ‘007 "003 ‘OO! 


The division when the standard deviations are taken as 
units is shown in the table and diagram. 
The results of the words experiment tabulated on this 


basis are :— 
—j3e —20 —¢ 0 ¢ 26 36 








o !lotol o ol! o lolo 
0'0:0:! 0 OO Ore. 
rs oe oe el i i 
o1tr%431 7 3% & 4: 
; 0,0,0, 4 1810, 0 
2 eS ei Se | ee 
0, 3 ,18 | 47 47:18 | 3, o 
, 0,121,217 , 6 66.18 | 4,1 
C -_—_ =—_ «= — = —_— = — = —_-- —_ —_— = —_— ap 
r!o7 la, ‘116 116/47) 7) 3 
P 0/1 64 '181 114'42 ' 6! 9 { Line of 
ee ee 
—o —---1!--l--l-- --t--l--l- 
013118 1 47 47118 1 310 
1, 2,18 ; 47 50,16 ; 0, 0 
Se es eS ee ee Gee ae 
OA RS a OL 4 ey 
; 0,2, 8, 10 7,8 ,0 ,0 
“ee ee Wig bol 6. se ee 
o'o'liio 3'1'o!, 





The vertical columns show the x-arrays, and are comparable 
with the more detailed setting out on p. 389. In each com- 
partment the calculated values are written above the number 
of observations. 

The effect of correcting for skewness would be to improve 
the correspondence in the same directions as in the former 
tabulation. 


NOTE ON THE SECOND APPROXIMATION TO THE CORRELATION SURFACE, 
When terms of the order WE are retained in the general law of great 
numbers, a term involving the mean cube of error appears in the equation 
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(p. 298). Similarly Prof. Edgeworth shows* that the equation of the 
correlation surface should under similar conditions be written 


a os o° 
retg— i (husate + Shu zeae tet Shag + hapa) ee e (z13) 
ot aga (2494-220) 
arVi—vi ° 


# and y are the differences between the observations and their averages 
divided by their standard deviations, 


ky = mean #*, ky, = mean z%y, ky, = mean xy*, kg, = mean y’®, 


where f= 


In the example on pp. 388 seg. we have x7 = A+B, yo=B-+C, where 
© = 9°44 approx. 

Mean +yo* = mean B*= }c%, and r= 3. (In the experiment y was found 
to be +55.) 

Mean 4#°o* = he, = Rog =k (AS ON P. 251) = -409. 

Mean #*yo* = ky, = mean B* = 4 mean (A + B)® = dn = Ryy. 

When the differentiations are performed with these values, we obtain 


f= 7 pe — OI (4-+9)(18-+112y—824—8y) | = £,(I—w) say. 
V3 
The expression z,w is not readily integrable, and the simpler method of 
procedure is to integrate z, over suitable areas, and to correct the results 
approximately. An application of the method that leads to Simpson’s rule 
shows that if 
Zo, k» 2, —E» 2a, 0) 2, O» 


are the ordinates of the four corners of a surface standing on a rectangular 
base, whose diagonals are 2h, 2k, and 2, is the ordinate at the centre of the 
rectangle, then the mean ordinate is 


4 (229 + 24 + 2-2 + Zn0 + 220) 


Hence if z,w is calculated for the four corners and centre of each of the 
volumes tabulated on p. 393, we should reduce each of the volumes by a 
quantity s,w’, where w’ is the average of twice its central value and the four 
angular values. This has been done throughout, and the values obtained 
added to or subtracted from the numbers given by the normal curve to obtain 
the corrected values on p. 394. 

Notice that when the surface is referred to its principal axes by writing 
s+y= V2 X, —*+y = V2 Y, w becomes symmetrical in Y, but not 
in X. 





* Law of Error (Camb. Phil. Trans., Vol. XX, 1905, Part II, $6), and 
Statistical Journal, 1917, pp. 268 seg. The standard deviation is used as 
unit in the text instead of the modulus V2.0 used by Edgeworth. 


CHAPTER VIII. 
PARTIAL AND MULTIPLE CORRELATION. 


THE investigation of Chapter VII has shown how the 
variations in one quantity are related to the variations in 
another by which it is influenced. It frequently happens, 
however, that the movements of a variable are related to the 
movements of a number of others. The frequency distribu- 
tion can then no longer be represented by a surface in three 
dimensions, but an analogous function is obtained of which 
the form already given is a simple case. 

The regression equation is no longer that of a line or 
curve, but an expression connecting one selected variable 
with a number of others; we can then isolate the effect of 
any one of the remaining variables (by a method involving 
and similar to that of partial differentiation), and so obtain 
the relation between any pair of variables, abstraction being 
made of the remainder. Thisis the very important method 
of partial correlation. 

In the sequel the case of three variables is handled in 
detail, and the more general solution is summarized. 

Let there be three variables, which measured from their 
means are x, y, z, and let them be correlated each with each. 

Suppose that they are so connected that z = ax + by +c 
is an ideal plane giving the mean value of z corresponding to 
a pair of values x, y. 

Required to find a, b, c so that the observed deviations of 
observed values of z from the values given by this equation 
have the least improbability. 

Let 2, be the average of &, observations, each of which has 
for its x, 7 members x, (to x, + 5x) and y, (to y, + dy). 

Write », for z, — (ax, + by, +c), t.e. the deviation of the 
mean of the observations in the s** group from its ideal value. 
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Let oz, cy, os be the standard deviations of the frequency 
groups of x, y, z. Then, if in the long run the standard deviation 
of a group in z is pas of the values of x and y, the 


standard deviation of 1 is TE (formula (38)), where o is con- 


stant standard deviation for an array, and the probability of the 
_kat 
occurrence of », (to 7, -+6n) is Ke 207 . $n. 
Let there be » pairs of values such as 4,, y, and N obser- 
vations in all, so that N=, +... +h, + ... +2y. 
The probability of the concurrence of n,...,...%n iS 


1 
Ce al ? where @ = ky? +... +n? +...+Rnnn?, and C is 
constant. 
The probability is greatest when ¢ =S hy[Z,— (ax, +by,+ c)}* 
1 
is least, and a, 6, and c must be chosen to give this result. 


dh = S(k,2,2) + a®S(k,x,7) + b9S(key,7) + c?Sk, — 2aS5(k,x,2,) 
— 20S (Reys%.) — 205 (Fe2s) + 2aDS(ReXays) + 2ACSRsxe + 2hCSKays. 

Here S%s = 0 = Sys. She%s = sum of all values of z = o. 

Shixs* = Noz*, xs being repeated fs times in the whole group, 
and Sksys? = No,’. 

Shke%eZs = Sxz, since keZe = sum of values of z in the s* group, 
and Sksys%s = Syz. Also Skexsys = Sxy. 

*. hb = S(heds*) ++Na®o?-+ Nb20,2—2aSx2z—2bSyz+2abSxy+ Net. 

Write Sxy = Nrgyoecy, 5x2 = Nrgoxor, Syz = Nryoyoz. 


, } caer Oh Oh 2 
Then ¢@ is &@ minimum, when id we ~ are each zero,* 1.e., 
da’ 0b” a 
when 
pus ON, and .°.c=0, 
oc 
op ‘ 
O= aa = 2N (Qoy + boxe yF xy = Ox72%r2) = Oo, 
and o= ot = 2N (oz y%ry + boy? sem OyTePys) = 0. 
Hence A0x + boyfay = 02% xz 
and ac aV ay + bo: y= ¢. 2Vyz- 
doo oy ee 
Vue — Vay"yz  Vyz—Veloy I—ta® ~ — * (1x4) 


* The values of a, b and c can be obtained without differentiation by 
expressing ¢ as the sum of squares. 
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The equation z = ax + by + ¢ becomes 
Ln, eae y 
a a cae ca ee. ae (EES) 


Vaz coe VayVyz Vyz a Voyl az 
where = —_ >; =-———> 
R, Ii Yay? : Ry bee Tony? 


R, and R, are called partial regression coefficients between , x 


and z, y; for a given y, z= Rex + const, and for a given * 
z 


g= Rye .y-+const., formule which may be compared with 


y= ro . x given above (p. 362). 
a 


Similar equations are of course to be obtained when x or y 
are expressed in terms of y, z or %, 2. 

The partial correlation coefficient between x and z (¥y constant) 
is defined, by analogy with the case of only two variables, as the 
geometric mean of the partial regression coefficients found respec- 
tively when z is expressed in terms of x and y as in (115) and when 
% is expressed in terms of z and y; it is therefore 

Yn2 — Voy Vyt 
VI — to? VI — ty 

The foregoing analysis is based on Mr. Yule’s paper 
(Statistical Journal, 1897, pp. 831 seg.) and book, and to him 
is due a great part of the work on this subject. The treatment 
here differs from his only by the important consideration that 
it is based on the prevalence of the law of error as discussed 
above (p. 298), and that it makes the assumption that the 
standard deviation of z is independent of the values of x and y, 
which is by no means universal ; while Mr. Yule does not need 
this assumption, but uses the method of least squares, a method 
which is not used (except very rarely) in this book, because of 
the difficulties that underlie the principles involved. 

The equation between z and x and y is the same as Mr. 
Yule’s, and also the same as obtained (see p. 405 below) from 
the theory of normal multiple correlation. 


Example 1.—The Cost of Living Committee, 1918, collected 
a number of budgets of the weekly expenditure on food in 
working-class families (see p. 310) ; 390 of these, obtained from 
families of the skilled classes, were grouped according to the 
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numbers of persons in the households above and below 14 years 
of age (see Statistical Journal, 1919, p. 360). 
The notation and quantities involved are as follows :— 













Number under 
14 years. 


Number over 


Expenditure on 
food. 14 years. 









Average 
Difference from average 
Standard deviation . 


5Is. 2°48 
zX 55. * 
0, ™ 3°03 X 5S. o,==°836 


Vey =— 0525, 123 = *504, Vy = *315. 





The equation obtained is 2/o, = -52x/o, + °35y/o,, which 
leads to the formula :— 

Expenditure (shillings) =14°5 + 9:4 x number over 14 years 
+ 3°7 X number of children under 14 years, 
and to the following table :— 


FAMILY EXPENDITURE ON Foop.* (SHILLINGS.) 


By Formula. Average of actual cases. 
Number [eee : 
of persons Number of children. Number of children. 
over 
14 years. 





2S TS TT a O 


- | 40°7 | 44°4 | 48-1 | 51-8 ene 45°2 (74) | 47°I (53) | 52°9 (25) 
» | 50°E | 53°8 | 57°5 | 61-2 54°8 (21) | 51-2 (17) oe 64°9 (17) 
. | 59°5 | 63-2 | 66:9 | 70°6 58-0 (10) | 60-2 (10) | 78-1 (6) | — (0) 


AWD 


The numbers in brackets are the numbers of actual cases averaged. 





The agreement between experience and formula is as close 
as can be expected, when the considerable standard deviation 
and the small numbers of cases are considered. 

From this example it becomes clear that the method of 
partial correlation is closely akin to the ordinary way of 
analysis in cross-tabulation ; but the use of the formula brings 
the separate results into coherent relation. Here we have 
the result that on the average an additional adult (who 
generally increases family income) adds gs. 5d. to the family 





* For the working out of these figures and those on p. 310 I am indebted 
to Miss King and Miss Mackenzie at the School of Economics. 


D D® 
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food expenditure, while an additional child adds only 3s. 8d. ; 
the greater number of children the lower is the standard of 
living, since a child’s nourishment costs about two-thirds of 
that of an adult. (Here “ adult” is used for a person over 
14 years.) 


Example 2.—The following data are obtained for the County 
of London from the Census of r911.* 


z-+ 3-7 is the number of rooms to a tenement. 
Z+415 5, ‘3 persons in a family. 
y+ -86_,, bs children under ro in a family. 


The averages for the county are 3-7, 4°15 and -86 respectively. 


Yay = °57, Yoe = °44, Nyz= —°03, Of = 2°50, Or = 2°32, oy = 1°24, 
R, = °676, R, = — *402. 


The figures relate to 1,023,951 families, sufficient for 
accuracy to three significant figures. 


Co; oz 
z=%X— XxX 7676 —y X = X ‘402 = % X +754 —y X -840 
& y 
or (rooms — 3°7) = °754 (persons — 4°15) — °84 (children — -86). 


The number of rooms for families of given size decreases 
rapidly as the number of children increases. 
We may also write :— 


Number of rooms = 1:29 + °75 persons —-84 children 
= 1:29 + °75 persons over IO 
—-09 children under Io. 


Example 3.—In the research on the social conditions in 
Reading described in Ltvelihood and Poverty the income, 
rent, and family constitution were tabulated for 586 families. 
Rent increases with income and with the number of earners, 
but for the same income and the same number of persons it 
may be that the more numerous the children the less can be 
afforded for rent. 

Rent: z + 6:075 shillings, where 6:075 shillings is the 
average. 

Number of equivalent persons: x +- 3287, when 3°287 is 
the average. 





* I am indebted to Mr. J. W. Nixon for this calculation, 
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Income: y + 31-712 shillings, where 31-712 shillings is the 
average. 

The number of “ equivalent ’’ persons was obtained by 
classifying adults and children on a somewhat arbitrary scale 
according to the house-room they may be presumed to need ; 
children under 5 years were counted as }, children from 5 to 14 
as 4, boys of 14 to 18 and girls from 14 to 16 as #, and older 
persons as I. 

The correlation between rent and number of rooms is 
close, so that rent may be taken as measuring house-room. 


7.= 1°33; oz =1°22, Cy = T3°0, Vay = "543, 23 = "152, Yy2="458, 
R, = —-136, R, = °532. 


74 


a= 96 % 4 ogg 
Hence a 136 — + 53255 


or Z=— *148x + -0544y. 


House-room then decreases perceptibly as the size of the 
family increases, for given incomes. 

Fach of the three examples shows that families with 
children tend to secure relatively less food and less house- 
room per head than families without children, and to some 
extent measures the loss. 


We have still to consider the theoretic distribution in three 
dimensions of three variables, corresponding to the normal 
correlation surface for two variables. The following pages 
show the results and the analysis in simple cases. It will be 
observed that the same lines of proof are followed as in the 
case of two variables. 


Muliple Correlation Surface. 


The following analysis is only valid on the assumption 
that the elements have normal frequency. 


Let X, Y, Z be three quantities which depend on other quan- 
tities U, V;, V3, V,in such a way that X=U+V,, Y=U+V,, 
Z=U + V3. 

Let U, V;, V3, Vs be chosen at random from normal frequency 
groups whose averages are #, 0, ... and standard deviations 
Tu, Fy, ++ 

D D*2 
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Let X, Y, Z be the averages and oz, cy, oz the standard devia- 
tions of X, Y, Z, and let K=X+%...U=U+4... 

Then in the long run X = U + V etc. and 

K=Ut, Y=uUtyy, z=U+s. 

Suppose #, v,, Us, Vs quite independent of each other, so that 
mean “v, = 0 = mean 2,0, etc. 

Write rz, for the coefficient of correlation between and y. 

Then o,=o,7+60 2..., 
and O20 Fry = mean (4 + v,) (4+ v,) = out 

= Cy SP yz = C2027 zx- 


The joint chance of selected values of x,, y,, 2, arising from 
particular values 4, v1, V9, Vs is 











subject to the conditions 4%, = 4+ 0,, yy =U+ U9, 2; =U-+ dg. 
Eliminate v,, v9, vs. 
The joint chance of 4%, y;, 2, arising from a particular value « 
is given by 


—2 log (Pu. 4 oud v7 0,705) 


=— 4, oa 4 een ee alu—b)ite 
oy* zy or,* + vse a3 oo, ( +e, 
I I I I 
where a= + -—_ 4. —. 
Cur + Oy 3 + Tr," + Tr," 
Ty,? Oot | Oy,2 
oon, 4 
c se or crf abi, 
Ov,2 + Oy," Oy," 


The whole chance of the selected values x, y, 2, arising from any 
value of «is P= | Py du, %, y, %, being regarded as constant 

oie gen 

iz (27)touo: 017,70 2j - © V 28 


Write x, y, 2 for %,, yy, 2. 


I I = 


du = ——________,_.¢° 8 
(2) loycy Ty, pv, Va 


I 


oe watat)(St-)-(A+--). 
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Now 
zr I I I o,207 — out 
atten tala aaa ebook cleat 
I I I I 
and re ae 
__ ox*oyto* — oy' (oz* + oy? + 04) + 2048 
ar ed ; 
Pare {o,%o,%02" = out (x4 + oy" + o;*) + 2ou5} 
= 47 (o,%07—oy*) ++ —2xyou2r,,%?— —. 


Write Ro;z*o,%c,4 for oz20y?o022 — oy4(oz2+ +) + 2048, 
so that R =] + ZY cyV yz 2x re Yay — Vyz" as V2x*. 


The chance of the concurrence of x, y, z is then 


ere ree ae 
(20 )toz0yo0;R4 
for 2H Yat ye _ O20 yl ryF 2" — wad ; ty  OyOz » Vyz 
O70 y O2*oy%0; 
_ outoA—out.out ay?” 


In the special case where 
Ou = Oy; = Fr, = Fv, o,*? = 20,7 =o, Say. 
Yry = 4h = lye = Vez and R = $. 
The chance is then 


I e is ay {8(29 + y8 + e8)- 2 (xy + st sz)} 
20°nt 


The most probable value of z for given values of x and y is 


obtained from 7 = 0, and is 


z x 
— (I — xy) = — (Yaz — Pay%yz) + J (Yyz — TayVas), 
Cz Og Oy 


as in formula (115). 
In the special case this becomes z = } (x +). 


It is shown by Elderton (following Pearson) that if x, y and s are the sum 
of any finite number of variables, such as the #, v, ... above, all of normal 
frequency, and some common to a pair (+, y) (y, 2) or(s, x) and others occurring 
in only one of these, then P is of the form Ke~('+by'+ce8+2/ys+igex+2hzy) 
where 4, 0, ¢, f, g, & are constants to be determined. 
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Take the aggregate of the chances to be unity. 


Let A, B, C, F, G, H be the minors of the determinant 4 = , 80 


ae; 


gfe 








that A = bc — f3, F = hg—af..., BC — F*<4a@A,... 
P By 62) O(y—Es\ 4 Se 
Then — log hm a(#+4y 48s) +2 y-Gs +e 


0 [ffe-atometin Riga EN and Kz! = at 
atm | | [Petacdyds = Ke. vel %e ot ‘drm Kel. (5) 55 


ct 1. 2 _A 
Similarly opm o,* ri 


= -£(0-§). — 
cyetin= | [ [Paydedydsm KVaa-¥f [ays a\ O16 © dyds 


F Cys 4,3 
= KVaa-4[ [2(y + a4) ¢ ae © ay'ds, 
where y’ = y — hs and the limits of the integration are + co 
= 8 2 
= Kr.aq} me = [x . dr = 45. 
Similarly o,0,%2, = 4 a and o,0,%; = 12. 


2 @&4 = BC— F¥ = 4o,30,3(1 — r,,2) A? 
fa =GH — AF = qa,feyo, (r2y%2a — %y,) 4° 
4! = ABC + 2FGH — AF!— BG! — CH 
= 8A%o,80,86,3 (1 + 2% % Vez — Vy? — Ver® — Hey4). 








Write R for the quantity inside the bracket. R = tery Ves 
Very +‘! Vy 
¥n0 Vy 1 
n eee pee Adi xy’ x ys 
ia 7 8Re,'c,%0,"" o= ORoP’ f 2, 
1 {xt oys 
Hence pat galas wot + "90,7 Teste) < } 
. VR (2x) e050, 


as obtained in the special case above. 





If instead of x, y, s there are n quantities +, ¥,...%,. a more general 
proof on the same lines (due to Prof. Karl Pearson) leads to 


> ee alee inh Rn+ + +22 R, st +} 


VR (2x), 0404... On 
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where Re /[1_ fyy 3 .-- Mn |» Ye being the same quantity as #,,, and 
vm I wa oe Vn 
Yn ng Yng - 1 
R, being the minor obtained ie) crossing out the sth column and #5 row, with 
its appropriate sign. 
The following note indicates the course of the proof. 
Asbefore P = Ke-¢, where 6 mm @,,4,9  . . + 20g %q +. 2, Gy oo oy yg 
being constants. 
Let A, = [ay yy... Gyn |, where @,g—a,, and let Ay be a minor 
sy Ugg - > Aan 


Gn, Gng ..- Gun! 
obtained by crossing out the sth column and #*) row. 


Aan = An_}- 


Then ¢ may be expanded so that #, occurs only in the first term, #, only 
in the first two terms, etc., and then 








o= a, , + aoaat- s Nes ‘tn —t'(g, +.. | ee s2( tye) 
+ om #,%, 


as may be shown by a rather troublesome induction. 


Taft tan anne (2) (8) (ts) 


An-t _- Ann 
2A 





atm {f.. Prgldx,dty...di_ =. 4422 
ts ; 2 ‘ 
Similarly, by changing the order, o;* = re 
on . On—y t) In, n~—j = ff eee PraXn—12%, eee ax. 
| Ay, J \: 4, 2 
~~ |\Sn-4—~--, —~*n] —z— * 
i An HL evtuse 4,5 si 4, ; bad Ay) " Ax__,l%_ = sl e-1 
® 


Similarly, by changing the order, 


Aw 
Cg id ee @ 
Pe: a 2A 





Substitute these values for 7, etc. in the determinant giving R, and we 
obtain 


R= t Aun Ay -++ Ain] _ A,"-! 
(24,)"0,9...0_2| An Ass - ++ Asn (2A,)"o,".. on®’ 
An, Ang .-- Ane 
by a well-known theorem in determinants. 


oe Z =: (27) To, 10 0_- VR, 
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BN de eset Ags oe oe Aga on a,,4,"—§ 
Ru (2A,)®-10,9...0n8}| °c 8 (2A,)""20,2...oq8” by another 
Ang oe Ann 
well-known theorem. 
_ Ru 
7 2Ro,3° 


anit Ris i Re 
Similarly a,, = aR. and by changing the order ay = Rea: 
we obtain the formula as given at the bottom of p. 406. 

The most probable value of %, for given values of #,, #,...%, is then 


given by 


, and hence 








*y od #s ¥n 
—.Ry=— —-R,y,— —Ris Oe i ears »Ryy 
so | Cs | On 


CHAPTER IX. 


PRECISION OF MEASUREMENTS OF AVERAGES, 
MOMENTS AND CORRELATION.* 


Inverse Probability. 


In the previous chapters the problems of the errors that 
arise in the process of sampling have been chiefly discussed 
from the point of view of the universe, not of the sample; 
that is, the question has been how far will a sample represent 
a given universe? The practical question is, however, the 
converse: what can we infer about a universe from a given 
sample? This involves the difficult and elusive theory of 
inverse probability, for it may be put in the form, which of 
the various universes from which the sample may @ priors 
have been drawn may be expected to have yielded that 
sample ? 

To make the argument clear it seems expedient to make a 
short digression on the theory of inverse probability. The 
following examples illustrate the problem and its solution. 

A sovereign and two shillings were in a purse. One coin 
is lost. One of the remaining two is taken out and is found 
to be a shilling. What is the chance that the sovereign was 
lost ? 

The a priors chance that the sovereign was lost is ’, = 4, 
and that a shilling was lost #’, = #, if we assume that the loss 
of any one coin was as likely as any other. 

If the sovereign was lost, the chance of drawing a shilling 
was ~,= I, since there is no other to draw. 





* See Edgeworth in Statistical Journal, 1908, pp. 381 seg.; Yule, Inéro- 
duction to the Theory of Statistics, last chapter; Transactions of the Royal 
Society, Pearson and Filon, Vol. ror (A. 220), and Sheppard, Vol. r9a (A. 229), 
1898 ; Biometrika, Vol. II, Part ITI, p. 280. 
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If a shilling was lost, the chance of drawing a shilling was 
py =. 

The a@ priori chance that it should be a sovereign that is 
lost and a shilling that is drawn, is £,'p, = 4. 

The a priors chance that it should be a shilling that is lost 
and a shilling that is drawn is #,'f, = $ X § = }-. 

_ By hypothesis one of these equally probable double events 
has happened, and there is nothing in the data to show which. 

It is therefore just as likely that the third coin is a sovereign 
as a shilling. 

We may generalise this proposition in the following way. 
Of various possible events whose chances of occurrence 
are respectively p,’, p.'... f¢ ... one is known to have taken 
place. A further result is found, whose probability, if the 
first, second... ¢®. . . event had happened, would have been 
d1, py... fe... respectively. 

The a prions chance that the #* event happened and pro- 
duced the result is ~;,’ x 2. 

A priort the chances that the events of the first series would 
happen and produce the result are in the ratios 


Dy Dyi Pepe: . si bel de... = Py Py:.. 

But we know that one or other of these did happen, and 
this additional knowledge does not affect the relative magni- 
tudes P,, P,..., but raises their total in such a ratio, K, that 
it equals 1, which represents certainty on the scale of algebraic 
chance. Hence K.SP,; =1, and the chance that it was the 7 
event in the first series is 

i'd 


| 2 ee 3 fe 
KP, by dit... +¢bidt+... 


In a bag there are six similar balls which are known to be 
black or white. One is drawn and is found to be white. What 
can be inferred as to the original number of white balls in the 
bag ? 

The answer depends on the hypothesis made as to the 
a prions chances of distribution between black and white. 

If @ priors each ball is equally likely to be black or white 


and #,’ is the chance that ¢ were white, p,’= see 
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?, = - whatever the hypothesis. 





Parise tg = (0:6: 30:60:60: 30:6). 


I 
6 x28 
SP, =} and K = 2. 


The chances that there were 0, I, 2, 3, 4, 5,6 white balls 
are respectively 0, ws, sr, 42, 4% ob, or 

But if the number of white in the Ba had been determined 
by throwing a die and taking the number on the upper face, 
then 


’ ’ , I I ft 
Py; =p=...= 6 aa Pr=@-@ 
SP, = 6 K=7, and KP, = 


More generally if there were balls in the bag and the 
number of white had been determined by spinning a disc, 
marked on its circumference with the numbers 0, I...” 
equally spaced, on a vertical axis, and taking the number 
nearest a fixed point adjacent to its circumference when it 
came to rest, then 


Piece cok _ t _I _ at 
Pm pe Py OP BP a pay 


The aggregate chance that originally the number of white 
balls was ¢ or less is 


K(P, +P, +P, +... +P) = 





t(¢ + 1) 
een (4), sa 


If f() =}, it is as likely as not that there were as many as 
¢ white; and, if # is great, ¢= —*_ satisfies this equation 


V2 
approximately. 
Hence, when 2 is great, it is as likely as not that the 


proportion of white balls to all was as great as zs =°7 0, 
The chance is approximately } that the proportion was 
between } and v3, 


This example is very important, both as showing that the 
result depends on the hypothesis made as to the relative 
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a priori chances of the unknown events between which we 
have to choose, and as indicating that we can get a more 
comprehensive result by aggregating the chances than by 
taking them singly. 


Precision of p, the Proportion of a Particular Class in a Universe. 


We will first apply the principle of inverse probability to 
the determination by sample of ~, where 4N is the number of 
things having a certain characteristic in a universe containing 
N things, and m are selected at random and #’n are found to 
have the characteristic. 

The chance that p’” should have been found from a given 
PD is nCyn Pp?’ gq? (p. 262) where g=1—4, g'=1—}’. 

If all values of p from o to I area priori equally probable 
then the chance that #’n should be found from any value of 4, 
from p’ to x, is the sum of the chances from particular values 


= _Cy af x's (r —x)¢" dx, and therefore by the theorem on p. 410 
2’ 


the chance that the original value of p was between 9’ and x is 


oe [. (1 — x)" dx 
) p" 





3 


i (ere. 

Gas xP (1 — x)tndx 
0 

which can be reduced as follows to the form of the normal 


e I e 
curve of error if ap is neglected. 
n 


Write x = p’ + 20, where on = p'q’, and I —x=q'—z0. ois 
of order ==. 
Vn 
Then 


AG Acer Pc 
Ta Ce [pom 


since if x =I, z= a and if + =0, r= —/%, which tend 


p" 


to + co when » is great. 
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Then 
log f (2) = p'nlog (x +5 7) + 4 log ( ~*) 


2-2 
=2zxX0— Fy + =) + terms involving os, 
2\p 4 
t.e. terms of order —- 
Ti 
==— $23, when —-= 7 is neglected, since p’ + g’ =I. 
[e-was : 
Pps ay = | Seeds 2 ww. (ITY) 


| e-tqz i ed 
~ 0 


Hence the chance that the observations arose from a universe 
in which the let was between #’ and p’-+ 4, is (writing 


Pr for a) [J — 6 3 du, where o=4/2O=P) ae). 


The above a is based on that given in Todhunter’s 
History of the Theory of Probability, pp. 554 seq. 

This is the converse of the theorem that the chance of 
obtaining a value from # to p + #, In a sample from a known 
universe is 





"I pa—?) 
ery ——~ 5 d — a ene Aon 
\"- a" “u, where o ae 


The difficulty in the above analysis lies in the assumption 
that all values of p from o to I are a priors equally probable. 
The hypothesis can be elucidated as follows. 

Let » = 100 and pf’ =I. 

If the observations came from a universe where p = -07, 


then o? = a7 o = 0255, p= =1:18=z. The agere- 
gate chance from p =-06 to #=-08 is approximately the 
chance for = -07, exactly given by the ordinate wee ~#* 

T 
multiplied by an abscissa of -o2 taken as a multiple of a, 
Viz. ‘02 + °0255 == °78, and equals -78 of —E_ g- 010 2 wy A 

57 q 7 an 37 

A series of such calculations leads to the following table. 
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Approximate 
Value of 2. chance of 
obtaining #’ =:1. 

*00—"02 "000 
"02-04 "002 
*04—06 "029 
*06—-08 "157 
08—10 -262 
*IO—12 ‘242 
“I2Z—14 “159 
*I4—'16 084 
*16—18 039 
*18—-20 ‘O14 
*20—22 "005 
‘22—"24 ‘OOI 
*24-—°26 “000 

"994 


From the observations would be given as «I with standard 





e ° “I bd e e ° 
deviation = a 03, and a considerable positive skewness. 


The values of # differing from -1 by more than twice the 
standard deviation give negligible probabilities whether we 
suppose them a friori equally probable throughout the scale 
or not. 

This example then illustrates a theorem that we may give 
as obvious: that, except in the neighbourhood of the central 
value, it is indifferent what distribution of a priort probabilities 
of we suppose. Over the small, important central region the 
assumption that the a priovt probability of # over a region is 
proportional to that region is likely to be a good first approxi- 
mation, whatever the actual law. (Edgeworth, Statistical 
Journal, 1908, p. 387, and references there given.) 

We are not, then, liable to any considerable error from the 
assumption that underlies this and similar investigations, that 
the important values of the quantities sought are a priori 
equally probable at any point of the range of values that 
affects the analysis. 

We may now sum up the result of finding # by sample. 
The most probable value in the universe is the observed value 
p’. The probability of a deviation, as great as #,, from the 
observed value is given approximately by the normal error 
function with standard deviation 


(ee=2), ae forte — P’) (x-*) 


where N is the number in the universe and x is not negligible. 
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The precision of a measurement is measured by the 
reciprocal of the standard deviation of the errors to which it 
is liable. 


General Method. 


More generally let X’ be any given function of » samples 
chosen at random from a universe where the (unknown) corre- 
sponding function is X, and let X = X’ + x. 

If we can show that the chance of obtaining the value X’, 


gt 
when the value in the universe is X, is of the form P,=P, e~**, 
where P, is the maximum chance and is obtained when X = X’, 
o is constant, and x = X — X’, then we can affirm with 
reasonable certainty that the sample gives evidence that the 
most probable value of the function in question is X’, and that 
the chance of deviations from X’ is given by the normal 
function with standard deviation o. In the case above, 
p' is X’, pis X, x is zo and na* = p'(1 — p’). For the more 
general case the process of inversion is not quite so direct.* 
In order then to determine the precision of any measure- 
ment based on a sample, we have to take three steps, the first 
to find the standard deviation of the difference between the 
true value and the observed value, the second to find the 
chance that any assigned deviation would arise, the third to 
apply the principle of inverse probability. 


Precision of the Arithmetic Average. 


In Chapter III it was shown that if » quantities were 
selected at random and independently from a frequency group, 
which satisfied certain conditions, that the chance that the 
average of the quantities differed from the average of the 
universe by as much as x was 


* If all values of X are a priori equally probable the chance that the 
observations came from a universe when the value of X was within the 


limits X’ + # is 2 ; P,.d@#, if # is small, and by inverse probability the 
chance that the value in the universe was within these limits is 
. - 2 f* 45 
af Pas + | P, dx = | oF ag. 
6 -@ 0 


ov 2" 
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gt 
=. .% "Bo 8 o 
==-¢@ °dx, wh = 
2|/ = red %, where 4 Va 
o being the standard deviation in the universe. 
It will be shown immediately that o’, the observed standard 
deviation of the sample, differs from o by a quantity commen- 





surate with V7 , and hence if # is large, o’ may be taken as 


equivalent to c. 

We may now complete the argument and say that if in a 

sample of » things, drawn independently from a group in 

which no large portion is distant more than, say, twice its 

standard deviation from its average, the average of the 

sample is # and its standard deviation is o, then the chance 

that the average in the universe differs from # by as much 
as x is 

—} = ; 
2 ° vn e We) ax 
2o0V 20 an 





ee « (178) 


when » is large. 


Precision of the Standard Deviation. 


We will now extend this theorem to test the precision of 
the standard deviation and second moment as determined 
from the sample. 


Let #, o, we... be the unknown constants of the universe, and 
%-+ %', o', wy’... be the corresponding values calculated from the 
sample. 

Let < + x be any observation, and write %;’ = x, — =’. 

The frequency curve of x? has ws for its average, and its 
standard deviation is given by og? = mean (x12 — pg)? = py — p,”. 

Its fourth moment is mean (%¢7 — j1g)* = pg — 4pigtg + Op gug? — 3145! 
= M,, say. 


In the universe 7 is finite by hypothesis for all values of s, and 
M, He oh 
therefore —¢ = (4 — —4%+6"%— 3) + (1) is finite. 


Similarly, for any moment of x3, M, + o¢ is finite. 
Hence the average of the quantities, x", as occurring in the 
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sample, by the theorem summarised on p. 312 and just used, may 
differ from p, by an error with normal frequency and standard 


deviation 
3 





al sae Ha — Be 
Vn " 
This pa Ms, Say, 
- $= = S (x! a ; Sx’ + #3, since Sx’y = 0, = py! + £"%. 


Now %” is of order - from formula (118), and the error in 


m, has just be shown to be of order a Hence x’? can be 


neglected, and p»,’ written for m,. 
Hence the observed ,,’ differs from p, in the universe by an 
error with normal frequency and standard deviation 


dai ae a ae ee » (II9) 


n 


But o? = py, .’ 





; hence o’ differs from o by an error 


= 


with normal frequency and standard deviation 


neaae 2 
af tats e e e e e ee e (120) 
4M 


If the universe was normal, p4=3,.,*, and the standard deviations 
of the observed standard deviation and second moment become 


g 2 
“/ 2n and bs n 7. 28 © ee e@ @ e@ (121) 
respectively. 


By a similar method the standard deviation of 
Me = SH! i. / amt tg — bat 
n n 


where m= - S (xe! — &')* = pg’ — 45" ng’ + 62"2 pn,’ — 34. 
nee the error in p,’ is of as low order as that in my, that is of 


order nA 

We may therefore, in calculating the standard deviations of 
Hy and o, replace the unknown p, and pw, by the known yp,’ and »,’, 
and in calculating the standard deviation of the average we are 
justified in writing o’ for oc. 


FE ® 
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The standard deviations and frequency curve of errers in 
higher moments or in the correlation coefficient cannot be, at 
any rate readily, calculated by this method,* and the whole 
basis is reconstituted and the arguments reset in the following 
paragraphs which are based on the papers to which reference 
is made at the head of the chapter. 


Standard Deviations of the Average, etc., without Reference to 
Inverse Probability. 


Suppose that in a universe containing N measurable objects, 
there are N xy, at measurement x,, N Xy, at x,..., and that 
n objects are selected at random, ”/N being so small that the 
chance of getting any value of x is not affected by previous 
selections. 

N=N Xy, +N XHgteee, oo MEM t-- =I. 

Let #’, o’, and p,’ be the average, standard deviation and 
second moment found from the samples. Required to deter- 
mine the precision of these values as representatives of the 
average, Standard deviation, and second moment for the 
universe. 

Suppose %;, %,... to be measured from the (unknown) average 
in the universe, so that », = S (xy) =0 

Let p», be the second moment for the universe, so that p, 
= S$. xy, and write p, = 0°. 

The sample will not, of course, contain precisely » x y, at %,, 
NX Yq at x, etc. 

Let the numbers actually found be n(y, + ¢,) at x... m(y, + &) 
at X%e0- 

Then Qtegt...tat...=0. 

41, %,... are, of course, constant. 

Since yt is the chance of finding an object at x: and the experi- 

ment is made m times, ¢ has normal frequency with standard 


deviation 
Pi pa I (p. 278). 
Hence the mean of all values of e;? is wen, and @ is of 
order 1/Vn. 





* The method is based on communications to the author from Professor 
Edgeworth. 
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Let E be the aggregate error in all the compartments together 
other than the s‘" and the #*. Write Y for 1 — ye— yz. 
Then etatE=o 
Zest = E? — c,? — ef 
. Mean es: = 4 mean E? — § mean e,? — } mean e?? 


= —{Y (t — Y) —ye(t — ys) — ye (t —y)} 


= = {(t — Ya— yet) (Ye + yt) — ye(I — ys) —e(I— yo} 


_ yet 
= a, 
Now let F be any linear function of y,, y,..., so that 
F = 4,y,;+ @eyg+.. o>» 


where a, a, ... are known constants. 
Write F + f=a,(y, +e) +... +a(y +e) +..., 


so that f=aet...taet+... 
ft =Sate? + 2S asavestt. 


Then, if of is written for the mean value of f? when all possible 
values of ¢,, é,, ... have been found in due proportion, 


of? = Sa? . (mean e*) + 25aear (mean ees) 


=> {Sat?yt (I — yt) — 25aeaeyeye} 


n 
= Esaty— Fh ee we 5 (aa 


Put Q, =X... AEX... 
F = Saxtyt = 0 
K’ = F + f= Sxeee 


*, o,* (= mean of a'8) = Sudy from (122) =& » + e (123) 


x’ is therefore of the order a, 
Vn 


Now put a,=%,2... a=x¢ 
-e= F — Sx ye, Bs, = S (x¢ es x')8 (ve + et) 
be — Hg =f = Sxtee — 2%’Sxeye + terms involving #’¢and <’2 


; I 
which are of order = 
EE* 2 
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oe ply) — fg == Sxeer, since Sxeyr= 0, if terms in = are neglected. 


”. from (122) o%,, = mean of (u,’ — p)* 


= 2 4S(xtyy) — ath =e. (aay 





Now o7 = ps 
Hence increments 8c, Su of o and pg are connected by the 
equation 


Sig 
2 do = 5 or bo = e e e ® ry I2 
o Hg, 24/ bs ( 5) 
Hence o,¢ = mean (8c)* = mean ——* (8p) , 
4h 
| 

ve 2 Ma Ps from (124). 

Te aa (124) 


A similar analysis leads to the general result 


I 
Cu, = > (Hep — 2Dopsrtp-1 + P yg aba— By’) + » (126) 
Hence the standard deviations of <’, o and all moments involve 


the factor —=, and if is large the difference between the apparent 


Te 
and true measurements is of the order Te and may be neglected 
n 


in formule involving them. Consequently in evaluating the 
formule 123 to 126 the calculated values of the moments ,,’ etc. 
can be substituted for the unknown true values. 


Notice that the standard deviation of each moment depends 
on the moment of twice its order, and this higher moment 
rapidly becomes great as the order is increased. In practice 
it is found that with ordinary values of » the moments above 
the 4th lack precision for this reason. 

If the frequency curve of the universe is normal p, = 3y,°, 
and 


o 2 Cc 
=-—=, Oy = ot, /2, r.=—=, 
Vn n an 


6 6 
om otr/ eum aern/® os 0 6 «8 (127) 
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The first two results for the normal curve can be obtained more directly 


as follows. Let X,, X,...X, be the measurements of # things taken at 
random from a group whose frequency curve is 


_ (2-%9)8 
== — 6 2o 3 
- oV 2x ; 
where #, and o are unknown. 
P,, the probability that these particular » things will be selected, is 








_ (X%1- %)3 _(Xs- %4)2 (Xt - %9)2 
~ ¥o8 I aro a I ~S-“g62 
—— x—,- X...= 2 
on 2 oV 2a ” 
on(2n)3 


Let % be the average of the X’s, X; = ¥ + %;, etc., so that Sy, = 0. 
log P,= —% log o — = log 2" —~—,8 @ — x, + x}? 


= —%” log o ——log an —— {n(z — %9)? + ns}, 


where s is the standard deviation of the X’s. 
Here ¥ and s are known and @ and #, are to be determined. 


P, is greatest when ¥ — x, is least, whatever the value of oc. 
Give #, the value # 


Then P, is greatest when a is zero, that is when 


oO a : ns*, and Ss 
= = > “ee r e¢=sS. 
c  @ 


Write oms-+y and #=%+8, and let P, be the value of P, when 
y= O= 6. 


Then log Pp — log Py = — n log ——™, (+5) + 7.58 


x log 5f= —log(1 +7) — == (+544 


1,7 37" 
=~. Ere att -* +3 = ss — oa s*, neglecting 7°, 8% etc., 
>? - 38 
_ 33 = 253° 
gz 3 
*r, G 
a“ P, == P,e vn 6 Vin ° 


oe «© 6 « (428) 
Hence the errors in ¥ and s are independent of each ss are = normal 


frequency, and their standard deviations are respectively a and —— Tx , where 
n 

s is the standard deviation of the sample, and for it ¢, the standard deviation 

in the universe may be written without perceptible error when # is large, as 

in the results already obtained. 
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Standard Deviation of the Correlation Coeffictent. 


The standard deviation of the error to which the correla- 
tion coefficient is liable may be found as follows. (Here 
Dr. Sheppard’s method is followed.) 

Let there be pairs of values, such as (x, ye), measured from 
their averages, whose standard deviations are o,, o, and second 
moments A, ». Let the whole number of pairs be N, and let zN be 
situated at (+ + x, 7+ yt), So that z,+...+%4...=1. 

Also Szexe = 0 = Szeyt. 

Write Ms for the mean of x*y! taken over all the pairs, so that 
Ma = Szxty'. Write M for M,,. 

Then if r is the coefficient of correlation of the N pairs, 


jes. and logr=logM— 4 logaA— $ logy. 
01% 


Now let a selection of » pairs be made at random, and let the 
number selected from the position xt, ye be (2 + et) . 
If x’, y’ are the resulting averages 
x =S (z+ ce) x= Seer, and y' = Syeee. 
The resulting deviations between the values in the sample and 
the values in the universe of 7, M, A, » are, by differentiating the 
equation for log 7, evidently connected by 


Now 
8M = S(ze-+- et) (xt— x’) (ye — 4’) — Szexeye= Sxeytee— x’ .Szeye— yy’. Szexe, 
when products of any two of the small quantities e, x’, y’, which 


are of order —~ are neglected. 


Vn 


*, OM = Sxeyeer. 
As shown above (pp. 419-20), 
bi = Sx and du = Syite. 
3 2 
ss * = s (Fe _- = _*) Ct. 


M 2Q 2p 


Hence, from the uel formula (122), if or is the standard 
deviation of the errors in y, 


-5[8GP-5-3) 2-8 (-5-2)4)] 
=o etait Ss wi aut zap 
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since s(t 5) a= I—}—}$=0, 
where A, and p, are the fourth moments of the distribution of the 
N x’s and N y’s. 

In the case where the original distribution is that given by 
the normal correlation surface, A,=3A3, pg=3y?, M=ro,0,, 
Mas = (1+277) 070,?, Mg,;=370,°03, My3=370,0,? (formula (106)), 








= ote EP LEE a= spite oor) 
n 
and oe EO ee a 


This is the value generally used, it being implicitly assumed 
that the distribution approximates to the normal. 
The regression coefficient, when y is expressed in terms of x, 


is r-¥ .2=p, say. In the present notation p= = , and we obtain 
E 


by a method similar to that just used, 
_p ie A, 2Ms, 


ot = we + 8 1M hi in any distribution. 


Hence in normal distribution 


I+277 _ p* 
oi= a +3-> 6fae. 


I— ys? 
y* 





p 


— Vi-—?r’, 


by ie 


In the case of normal distribution the result may be reached as follows. 
(Here Professor Pearson’s method is followed.) 
Suppose pairs 4, ¥;...4%n, ¥_ are chosen from a surface whose unknown 
centre is %», y,, standard deviations 0), oy, and mean product re,c,. 
Let #, 7, Sy, Sg, x be calculated from the sample. 
The chance of concurrence of the # pairs is 
a 1 .8 (ae 4 %~ 90)? 7 is ke BAL) 
= Soe ees, 6 2(1-1*) o! o* 0103 
(2%0,0,V' 1 — v8) 





.. log P, = — n log 220,06, — log (1—r?) 
ag (ER as Sven 
2 (I a r*) a," o,* Oo 


where d, = %, — %, dy = V_— j. 
Here ¢, @,, os, @,, d, are unknown, and 9’, s,, s, known, 
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By expressing the conditions 
OP on P_oP_ oP _ 
Od, Od, Oo, Oo, or ’ 


we obtain the values of the five unknowns which make P, a maximum. 


d, va, on & vd, 
oy" 040, Ts? 005° 


whence d, = d, = 0, unless 73 = 1, 
Then, taking d, and d, to be zero, 


I s,* 99’ S1Sy om 2 s,* vv'S\Sy 
oy (t—r8) 0,2" (t— 4) a,%0, oy (1—9) 0,3 . (1 — 78) o,0,9 





ee (x — r') o,%0, = S140, — 99'S 18303 
and (I — y?) 710," = S,%0; = 9V'S1S_0g, 
Sy Se d aT 
whence —=om—=hk,say, and r—ri=k*(1 — rr’) 
oO; Gs 
ra v $2  s,2 = 2rr’s,s v's 
and a aom [S ——-— ¢e__ 
t—rt (r—91*)* (a,' ° 6, 710%: (1 — 74) o,0, 


oe y (1 — #3) — vk? (1 — 97’) +r (1 — 73) =o 


Hence ¢ = 9’ and k = 1. 

P, is greatest, therefore, when the values found in the sample are taken as 
the values in the surface. Write P, for the value of P, so obtained. 

Now write o,= s,-+ 7, ¢g= 53+ 73, and y= yr + p, and expand all functions 
in powers of the small quantities d,, d,, 7;, vs, p, neglecting third powers. 

We obtain 


Pe 2(t—9’3) ) 1—y'3 st Ss 





st" sf 545, 
dh Es AS. Sf 1) 2 
I—#*" ssp 2(1—y8)\ 5,2 " s,? 2(r—991P 


mn a(? =) a ao (% Aa LEO 
~2(t—r’2)\s, sy J] 258 2(t—v2)\s, 2—r’8* oP) 











2 (2: r’p y o 
~o—r8\ sy” 2(r—9'8))/ ~ 2(1—9'9)8" 
Integrate successively between extreme limits 
for d,, regarding d,, 7,, ys, p aS constant, 
for d,, regarding +4,, y,, p as constant, 
for y;, regarding +5, p as constant, 
and for +,, regarding p as constant. 
We then find that the whole chance of the observations arising from a 
value 9 + p, whatever the values of 79, 79, 04, 0; is 
a p* 
‘ (ea 
Pm Ke Va ) ° 


r- 


That is, the distribution is normal, with standard deviation of y’ = Ta 
8 
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The work on pp. 421 and 424 shows that if the frequency 
group from which samples are taken is normal, then the chances 
of obtaining various errors in #, o, 4 and r in the sample are 
given by the normal probability function ; and inversely, that 
the chances that the corresponding quantities in the universe 
have various deviations from the observed quantities are also 
so given. It remains to prove that under other conditions 
the same result is obtained. 

In each case the quantity concerned was put in the form 


F + f = ay(yy + €) + dalyg +) +..., 


where ¢, +é¢, +... =0, and f=o when 0=¢,=¢=.... 
Also y, +¥gt+... =I. 

The frequency curves of ¢,, é...are normal if m, the 
number in the sample, is large, p. 418. 

If ¢;, é... were independent of each other, or if the 
number of separate values of x,, x,... were so great that we 
could treat them as independent, then we could at once apply 
the theorem of pp. 295 seg. and state the frequency of f is 
normal. 

The full analysis (given in Appendix, Note g) leads to 
the result that normality may be presumed under the same 
conditions affecting the universe from which the samples are 
taken as lead to normality of the average, viz.: that the 


universe is so confined that the ratio 5 is finite for all values 
of ¢. (p. 299). 


CHAPTER X. 


TESTS OF CORRESPONDENCE BETWEEN DATA AND 
FORMULE. 


In the general method of the representation of observa- 
tions by a mathematical formula, the question must arise 
how the adequacy of the formula is to be tested, or, as it is 
frequently phrased, a test of the goodness of fit is required. 

Consider for example the table used above (p. 310) of the 
weekly expenditure on food per “‘ unit ” in 970 families. 


. =m~ m’ Standard 3 

Expenditure. pee of calculated difference. d Sate hel < : 

Not are 5 oe 18 22 4 4°6 "7 
5°5 107 123 16 10°4 21 
’ i a ee 255 234 21 13°3 I'°9 
9° 5 e e ° e 245 249 4 13°6 *I 
II'5 173 168 5 11°8 T 
135 - 101 89 12 9:0 16 
155 2 © © 38 51 13 7:0 33 
175 . . ° 17 22 5 4°6 I-l 
19°5 e ve. ote 9 II 2 3°3 "4 
Over 21°5 sw 7 I 6 ? 36:0 
Totals . . 970 970 88 — 47°3 


The calculated numbers are from the second approxima- 
tion to the Law of Great Numbers. A rough method formerly 
used was to add the differences between the calculated numbers 
and the numbers observed in each compartment, irrespective 
of sign, and to express this total as a percentage of the number 
of cases. The “percentage misfit’’ thus calculated is 
88 — 9:70 = QI per cent. 

The weakness of this method is that it is not related to 
any measurement of probability, and one cannot tell at sight 
whether the fit is good or not. Of two competing formule, 
the presumption is that that which gives the lower percentage 
misfit is the better; also when we have several sets of similar 
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observations we can tell roughly by this method which is 
nearest to the formula, and in some cases in which set the 
observations are most regular. 

The percentage misfit is generally diminished if compart- 
ments are merged together. 

As regards the contents of individual compartments, we 
already have a simple test. If m, is the calculated number in 
a compartment when there are N observations in all, the 
chance of finding m, + e& observations in this compartment in 
a random selection is 

2 

I i = 
oV20 

and the probability of exceeding any assigned multiple or 

sub-multiple of o is given by the table (p. 271). The standard 

deviation for each grade in the above example except the last 

is given, and it is seen that four out of nine errors are less than o, 


m m 
(formula (19)) where o? = WN (x — aN, 


their standard deviation, two are between o and 32, and the 


remaining three less than 2c. No separate measurement is 
improbable, and therefore the whole grouping may be presumed 
to be not improbable, except the final number, 7 above 
2I°5S. 

That numbers in extreme grades should be discontinuous 
in relation to middle grades is common in many classes of 
observations. 

The deviations are not independent, however, since their 
total must be zero; and even if the deviation in one compart- 
ment taken by itself is improbably large, it may yet not be 
improbable when all the compartments are considered. A 
measurement which allows for this modification has been 
devised by Professor Pearson, and part of the analysis in a 
simplified form, a brief table of the results, and some 
applications are given in the following paragraphs (see The 
Philosophical Magazine, No. 302, July, 1900, pp. 157-175). 

Suppose that a formula, which is presumed to represent 
the distribution of observations, leads to the expectation of 
M1, M,... Mm, Observations in m grades or compartments, 
when N, =m, +m, +...+ mn, 18 the whole number of 
observations. 

In an experiment or group of observations, suppose that 
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(m+ 6)... (mt + 6)... (%, + €,) are found in the compart- 
ments, so that ¢4,.+...+&+... + =O. 


Write p=. ° pm. e 


Then #: is the chance that an observation from a group satis- 
fying perfectly the formula will fall into the /” grade. 
The chance that m+ eé will fall into this grade when N are 
chosen at random from an indefinitely large universe is 
ee 
ie é : 2a? , 
o,V20 
where of?=#1(1—f:) N= fpN, where ge=1— fe. 
It can be shown that the joint chance of the errors named is 


Ke-3®", where #=8 = and Se=o0, 


K being a constant. 
For, if there were only fwo compartments, e, + ¢,=0, and the 
joint chance equals the chance of either. 


Then =e q=3, m,+m,=N. 
The chance is 
Ni -3(22 oat) 2 2 
rei Gr m) since ae = aed , and ¢,*=¢,%. 
wv" 


If there are three compartments 
Oy tegtes=0, m+mtm=N, f=. My t My N, 
and similarly for o,* and o,'. 
26,€, = €,* — ¢,2 — ¢,3, 


700, = Mean 6, = $ (0,7 — o,? — o,?) 
= Sy lta (om, +-,)— m, (y+) — mg (on, + )} 


— eee (Compare p. 419.) 
The chance of the concurrence of ¢, and ¢g, and therefore — 
of é, also, is given by the normal correlation surface as 


eee (2° @s5 2rerés) 
I e Mi-r%) heh at ones 


210 710¢ VI— 7 . 
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Now 


o,%0,7(I —7*) = MM, (Ms am )(y +s) ne aes ze ; 
since m, + m, + m,=N. 


Hence the index of ¢ is 


—— ——__—_—. (¢,%g 2 Cota 3 270,60 é 
hn a + 6,70, 17 301°) 


N { €;"ms (Mm, + Ms) 
2M,M Ms N 


+ 


Cg", (m, + ms) 
aie < eae 


26,CyM Ms 
N 


ad 
2M MMs 


=—4(7 + +e 4), since €, + é = — és. 


{(€, + &g)? mym, + €,2mgmg + €,2m,m;} 


Now if ine second and third compartments had been merged 
into one containing M + E observations, where M = m,-+ m, and 
E = ¢,-++ és, the chance would have been 

e2, E23 
K, eth iw), 
where K, is a constant. 

The effect, therefore, of dividing the second compartment with- 
out changing the first is to alter the constant and to replace 

2 3 
7 by rags in the index. 

Similarly if two compartments are given, the effect of dividing 

the third compartment without changing the first two must be to 


a 2 2 
alter the constant and to replace 8 by a qe in the index, and 
Me “ms Ms, 


so on. 
Hence for » compartments the chance, P, of errors 7 Cy... Enis 


Ke-ix', where x's 9 a 4 oa . +o 


and esha esse eo © © e© © (130) 


Notice that x* is the same expression as is used in obtaining the 
coefficient of contingency. 


[A proof of the formula, without the above method of 
induction, is given by Pearson, by the use of the multiple 
correlation equation. See also Note 11, p. 454 below.] 

If the selections in the compartments had been independent 
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and without the condition that e, + e,+... = 0, the chance 
would have been 








-i(< a” +a re ‘) 


Ke-#x' x e 
for the index would have been 


— Hata + AGE twit + 


If et are many compartments and the largest of the 








fractions +7 W ‘is small, the second part of the index is negligible 


compared with the first, and the two expressions tend to 
equality, and the effect of the correlation is small. 

The chance of the occurrences if there is no correlation is 
less than that when there is correlation, since the last factor, 
if not negligible, is less than x. (The constant is eliminated in 
further processes.) Hence the aggregation of uncorrelated 
chances, which is simpler than the present method, gives an 
unduly unfavourable view of the appropriateness of a formula. 

The chance of every system of errors that gives a particular 
value of x? is the same. Now, when the probability of a 
deviation from the mean in normal frequency is in question, 
it is customary to measure the probability that so great a 
deviation to left or nght should have occurred, viz., 


2{ > — Bernas 


Similarly here we may measure the chance of the occurrence 
of the system of errors or a less probable system by evaluating 


2 || ee Ke-#* d,, where d, is written for de, .dé,...den_, 


and the integral is n — x fold and extended from x to o, with 
the condition ¢, + é +... + é,=0, K being so chosen that 

Ke-#*'dy =1. 

The existence of this condition makes the integration 
complicated, and reference should be made to atl S 
original analysis for its working out. 

The result is that 


P=? {. e-ax d+ ftew'(2 x4 st. ee 


I.3.5—"—3 
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when is even, and 


2 x? x* , 
Pao (x + os +... + yay) when nis odd. (131) 
A table of the values of P for various values of x? and n 
is given in Biometrika, Vol. 1, pp. 155 seg. Wecan, in a very 
brief form, obtain a working rule for determining whether a 
formula does or does not adequately represent an observed 
group by picking out values of x* which for a given » make 
P = } or slightly more, or, further up the scale of improba- 
bility, make P = -0455 or slightly less, which corresponds to 
twice the standard deviation in the normal curve. 


the x. By x". P 
3 I ‘61 6 050 
4 2 57 8 046 
5 3 56 10 040 
6 4 55 12 035 
Z 5 54 13 043 
6 54 15 036 
9 7 54 16 042 
10 8 53 18 035 
II 9 53 19 040 
12 10 53 20 045 
13 II 53 22 038 
14 12 53 23 042 
15 13 "53 24 046 
16 14 +526 26 038 
17 15 525 27 O4! 
18 16 524 28 045 
19 17 °523 30 °037 
20 18 +522 
25 23 *520 
30 28 +518 


lf X*<2— 2, it is at least an even chance—as likely as not—that the 
observations would be found from a group represented by the formula. 
If X*> 2n, the improbability is considerable. 


Strictly, the test should be applied using as many compart- 
ments as are given by the observations, for the merging of 
compartments affects the resulting value of P; but it is often 
difficult to get back to ungraded observations, and in the case 
of continuous variables, such as height, the original grades 
would be as fine as the measurements could be made. 

A more serious difficulty is that in any compartment the 
observed m, + ¢, must be integral, while m, is in general not 
integral, and some value of ¢ would be found in the most 
perfect representation. In consequence, the number to. be 
expected in the least occupied compartment must be reasonably 


432 ELEMENTS OF STATISTICS 


large, or we obtain spurious contributions to x* This in 
practice rules out detailed extreme compartments, and in their 
rejection or fusion an element of arbitrariness is introduced 
and no fine measurement is possible. 

On the other hand, when we are testing the applicability 
of the normal curve of error, or the general law of great numbers, 
based on Edgeworth’s hypothesis (pp. 298-9), there 1s no expecta- 
tion of closeness of fit on abscisse beyond a small multiple of 
the standard deviation—the smaller as the number of inde- 
pendent elements that contribute to the measurement 
diminishes—so that the test is only applicable to the well- 
occupied central compartments; but in choosing the extent 
over which the test is made, the fineness of the method is lost. 

Hence, only a broad, but often sufficiently definite, result 
can be obtained. 


Illustrations. 


If we neglect the extreme grade in Example 7, on p. 310, 
x? = 11-3, n» = 9, P =-18, and the formula “2nd approx.” 
is adequate. 

If we take the Pearsonian formula, on the same page, 
x? = 21:4, = 9, P = -006, but if we exclude the lowest as 
well as the highest grade, x* = 4-1, n = 8, P= -77; hence 
this formula expresses the central eight grades but not either 
extreme. 

The same conclusions are reached if we simply take the 
standard deviations of the grades separately. 

In the table on p. 309 relating to the ages of school children, 
n=8. The normal curve gives x*= 16-7 and P = 02, 
which is not satisfactory. The second approximation, how- 
ever, gives x* = -47 and P is indistinguishable from r. 

In the experiment on the numbers of letters in words 
(pp. 305-6), the sum of 10 words, graded by 5 letters, gives 
n = 13, and with the normal curve x* = 33, P = -oo1, or 
omitting the lowest and two highest extreme grades, » = 10, 
x? = 61, P=-73. The second approximation, however, 
including all grades, gives x* = 8-4, P = -74. 

The sums of 100 words graded by 20 letters give » = 10, 
x* = 2°96, P = -965 with the normal curve, and no further 
approximation car) improve on this. 
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An example of a different kind is found, when a distribu- 
tion found by sample is compared with the whole group from 
which the sample is taken, to verify the rules of sampling or 
the adequacy of the method. 


NuMBER oF CoMPANIES Payine Drvipenps at Various RATES. 


Number in Relative 


be ll Standard a 
sas le protiite sass deviations = 
m™. 

Below 3 percent. . . . 34 30 5°3 53 

3 per cent. a ee 108 108-8 8-9 o 
4 ” e ry e ° . II7 124° 9°3 °44 
5 . 60 70° Th 1°65 
6 per cent. to 8 per cent. 48 43°2 6-2 53 
8 per cent. * © «© e 33 22:8 4°6 4°57 
400 400 7°72 


Here » = 6, X* = 7:72, P = ‘185. The result is fairly good, but spoilt 
by the highest grade. 


This test has been applied to the distribution in two dimen- 
sions, in the experiment tabulated on p. 394. 

The 24 squares, 3 to left and right of centre, and 2 above 
and below it, which contain in theory II or more observations, 
were taken as separate compartments. Outlying squares were 
grouped in the g regions shown by the thick lines, rather 
arbitrarily, so as to get contiguous squares which aggregated 
to at least 9 expected observations in the second approxima- 
tion. The results are as follows :— 


Norma! surface. and approximation. 
x4, P. X23, P. 
24central squares . . . 20'8 "59 17°5 79 
9 outlying RoavoUs . 6 i Comp 4 
33 regions . ° 6 035 27°6 “59 


The improvement in the outlying regions by the use of 
the second approximation is very marked. 

Note.—In application of the test to double or manifold 
tables, as those on pp. 372-3, the sata is different 
according as the sub-totals m,...m,...are supposed to be 
given or not. See Economica, No. ip p. t, and No. 8, p. 139, 
and the Statistical Journal, 1922, pp. 87 seq. 


F F* 


APPENDIX. 
MATHEMATICAL NOTES. 
1.—Wallis's Theorem for the Value of a. 
By simple graphic considerations it is evident that when n 
is a positive integer 


2 3 2 
i} sin®™tly dx < | sin? 7 .dx < | sin?"-1x , dx 
0 0 
2.4.6...2n 21:3-5---(2n—1) w 2.4.6...(2m%—2) 
” 3.5.7...(2%-+1) 2.4.6...2n °2 3.5.7...(2m—I)° 
2°n(n |)? (2m)! wr 2% (m1)? 1x 


(2n-+1)! ~2**(n!)?2 > (2n)! “2n° 


2in(y !)2 </= 22M (4 1)? 








(an) |V2n+1 2 ~(an)!v/2n- 
: ao  _2*"(n1)8 r 
“0 Jim Gull Van correct to” . 6 6 6 (132) 


(See Gibson, Treatise on the Calculus, 1896, Ex. XXVI. 22.) 


2.—Sum of Powers of Integers. 


If we suppose 


{=m 
m= Sh = amrth + bm’ + cmr-1+-..., 


tal 
we can find a, 6, c... by induction. 
For (m + 1) = Singy — Sm = @ {(m + 1)Pt — meth} 


+ b{(m + x)t — mnt} + cf(m + 1)? — mi}, 
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Equating coefficients of mr, mt=1, ..., we have 
I=@(r+1) 


aftr + by, and b=4 








r(y—1) _ gx sings ve y (y —1) r pene 
- a tb +c(r—1),andc == etc. 
5 er ae en  E 
mrt ~ y+ + aoa 
a sete: if a4 is neglected, 
y+’ om 
I I I. 
=F + ap if pais neglected 2 e e« « (133) 


3.—Stirling’s Formula for m \ 


The first approximation to this formula may be obtained 
from Wallis’s Theorem as follows. 


Write | 
i= caiete aT (2m —1) (2m — 2) ..6(2m—m) => (2m)™, 
Then 
t=m. f 
log z = lo i= 3, 
gt= >) log (1-55) 
Be Soe +m i+ art + my 

co ee aa Tee oe +... 





- > fate :t4+ sen) 


by Note 2, if higher powers of = wy ate neglected. 


/ a -1 


Now Day = => 23) 


= — log (1 — }) ae 4+ P=1—log2 = log (£). 
Hence 


— log z = m log (= *) — + log (1 — 4) so 


IZM 
1 
m - sa I 
and :=() .27 te His = om-biem (r—— +...) 


z= 2" -$  e-™, if - is neglected. 
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But by Wallis’s theorem 

_. (2m) | 2m) (at IL (mar). men 
m | ai a5] (2 5 correct to Hie Some 
—mi=m™.Varm.e™. 6 «© © © © © © ew ww (134) 


This formula gives an error of less than 1 per cent. for the 
value of ro! and rapidly reaches considerable accuracy if m 


is increased. 
In its more complete form it is 


uc, ee Soe 
mi=m™./arm.e = Wm Bue 


(See Chrystal’s Algebra, Chap. XXX.) 


4.—The Euler-Maclaurin Theorem, which connects Summation 
with Integration. 


Let f(a), f(ath),...f(a+mh) be values of f(x) at m+1 
successive values of x. 
Then by Taylor's expansion 
’ h* ” 
fla+h) =f(a) +hf'(@) + 7h" @) +... 


fla+ 2h) =fla+h) +Mf'@+M +o "eth + 


flat mh) =f(a-+m—Th) +hf"(a+ mth) +2 (a+ moth) +. 
Write d = a+ m— th, — mh, and add. 
(0) —f@) =F) +2 Sry +# yr +, 
where F(x) = f"(x), and | F (x) .dx = f(x) + constant. 
b 2 d 
*, b> F(x = [Fe .d% — > Fy) — x SF) ss 
Similarly 
a Rr __ 4 
h oF = f F’(x)\ dx — a mF) a 


d b 
and >) F*(s) = [Fr@ae—.. 
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Combining these equations, we have 
d b h h2 
bh F(x) = [ F(s).dx— 5(F 0) —Fla)} + iF) —F'@)} 


-+ terms involving h‘, 
and .’. 


b b h h? , 
b 3 Fle) = [ F(a) de + 2{F 0) + F(a} + =F’) — F(a] 


+ terms involving h* . . . . . .« (£35) 


O A Al B B! 


In the figure let OA represent a, OB b, and AA’ and BB’ &. 

AB = mh. 

h¥ (a), hF (6) are the rectangular areas on AA’, BB’. & > F (x) 
is the sum of the rectangular areas on AB. : 


b 
| F (x) .dx is the curvilinear area on AB, and the term 

@ : 
oF (a) — F (b)] is a first approximation for the defect of the curved 


from the rectilinear area. 


Some difficulties arise in applying this theorem to the 
curve of error. 
I 


Here F(x) = ———= 
oV2Tr 
withe, should be represented by a finite vertical length. 


= _ Ti and .°. a should be finite vertically. 


é 263, and, when ~ is not great compared 
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The horizontal distance AB = mh should be finite. It 1s 
found in the analysis on pp. 265-8 that the number of successes 
above or below pm must be considered as of order +/y; hence 


I 
m is of order Vn and h (the unit step) is of order v, ‘mn 


other words, in the drawing the rectangles must be supposed 
so thin that it takes a number of them comparable with +/n 
to give a finite breadth. 


I b 
In the equation (135) then his of order ie Dr *) contains 


a b 
/n terms each finite, and therefore 4 DF (x) is of order F(z), 


b 
as is | P(e) . dx. 
The following terms on the right-hand side are successively 
of orders a ~ etc. (F’(5) is of course a simple numerical 


ratio.) 
Now give / its value unity, and we have, for the normal 


curve of error in which terms of order —1= are neglected, 


Vn 
aggregate chance of successes from 
pn + x, to pn +X, = | K F(x) .dx . . . (136) 
In the next eee 


P,= Pye, {r-£(2 - se) 


where terms in re are retained and terms in — ~ neglected. The 


h term in the farmule (135) must be retained. 

The result is most conveniently given as the sum of the 
chances of successes from pn to pn +x; for this purpose 
suppose A in the figure to be a half-unit to left of G, where 
OG = fn and G 1s the abscissa of the centre of gravity of the 
curve (p. 437). Then let GB = x. 

Sum of chances from G to B = sum from A to B—}. P, 


=| “Py. dx-+4(PatPy)—4Py 
Write x == ze. 
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"Hence the sum of chances from 
0 tO 20 = aI. ef =(z ~3)| dz+- ——reme = <n et" (137) 


when = is neglected. 
7 Pe he 2 
Here o = /pqn, « Vpn 
(See Todhunter’s History of the Theory of Probability, 
Art. 993.) 


5.—Dr. Sheppard's Corrections for the Moments of Frequency 
Curves. 


(See Biometrika, Vol. III., pp. 308 seq.) 


Let y=/(x) be the equation of a continuous curve of frequency, 
whose area is unity. 


Let A, be the area standing on the base x, + : 37 P being integral, 


and let the values of A, for all values of # be known from the 
observations. 
The #* moment computed from the equation of the curve, 


b 
say mi, = | xt. f (x) .dx, where a and 6 are the extreme values of x. 
a 


The ¢“ moment computed from the observations, when each 
area is taken as concentrated at the middle point of its grade, 


b 
Say Y= > ° Xp . Ay. 
a 
Required to find what correction should be made to #% to 
obtain m. 


~ h- 
nye [Eft )dx= [Plat a) de 
3 - r 
= ie fl4p) + 2f (49) + Sie) +...) ax 


= Wl) + lee) +2 fe) tees 


Hence 
we = > f+, 5 stl +>. yell) +e. 
= by the ees aaan theorem (formula (135)) 
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> h hi db fA “ 
[splay de + 30470) + aff @)) + Deets) —— Deepa) 
At fo 3 h* b 
+= i, xf (x) «dae + 5 {01f(0) + atf*(a)} + 55 D(a] 


-+- asl ” tf 4 (x). dx + terms involving 45, 
Now restrict the investigation to the case where the curve 
touches the axis at both extremities, so that 


f(a) =o=f(b) =f’ (@)=f' (0), 
and let the contact be so close that also 
h? f? (a) = h? f? (6) =0, and also h* f* (a) = h* f* (6) = 0, 
and in all these cases let the presence of a multiplier such as af, Df 


not make any significant difference from Zero. 
The expression reduces to 


w= ffl a+ F [ap drt 1920 “at dx 


-+ terms involving 5. 
Then 


b b b 
[AP edr= bee) tf 1f @)demtt—a) ms 


b 
and | xtf*(x)dx = t (t — 1) (¢— 2) (¢— 3) m_g by continual inte- 
a 


gration by parts and use of the conditions. 
Since # is generally small in comparison with the moments, 
terms involving h5 can be neglected. 


=m Et —1) may tt (f— 1) (#2) (¢—3) mg 
vemsiuaiona 
Giving ¢ the values 0, 1, 2, 3, 4 in succession, we have 
Po = My = area Of curve = I. 


py = Mm, = zero if the equation is referred to the vertical through 
the average. 
3 


h 
My =, +. 
2 


h @ 
Pat Gas if m, =0. 


i? We)  hé 
Be met = my + stom mt (=m) 4h, 
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*) 
ee Ms, = Bs mae a e e ° e ° ° e e (138) 
he 
— Me ~~ Oh -+- ae e ° e ° ° (139) 


and m, ==, t%3=p, when the moments are taken about the 
vertical through the average. 


6.—The Moments and Constants of the Second Approximation 
to the Generalised Curve of Error. 


The equation to the curve is 


_ tml, _«(2_ 08 
= Var {2 aE =), 








oo z 
I -of 
Write m, for | —e dx. 
- 0 sV 20 
Then m) =I, m= Mz, =... = Mp4, =... = 0, My = S?, 


Mop =1.3.5...(2P —1). 5%? (formula (23)). 
Write M, for the * moment of the second approximation. 


Then 
zi oy 
= K I 
e 8 aodx—* | —¢ 
28! ~esW2r 
zi 


2a ~ B53 sg 
+25/. we? Pts dx 


23 


28 tidy 








M ={ a 
- -esV 27 


K K 
als aS a 7 653° +s: 
Myp = Mop, since Mop+y =0O=>= Mop +. 
and therefore even moments are not affected by the inclusion of 
the « term. 
Bele 2 Sane aa ee ana 


Mos = — = Mats +73 - 3+ Mop+q SINCE Mp1, = 0 


s(m~ dim) =— (0 Sea8) =a 
2s 3s 2s 3 


I 
M, = — 2-(3st — <3. 158" =«.se . 1 1 6 we (E42) 
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Mayra — 5 1-3:5---@b+2) 4411 Zlob s)t} 
=! .2.3.5...(ap+1).s9M, ees (Si oe: oe ae, EMR) 
The origin is the average of the curve, since M, = 


To find the mode we must equate 2 to zero. 


og (ys Vie )= — 3 + 108 {1 -3(5—Z5)} = — 3s 3G—Ja) 


since x? is of the order ~ and neglected in the analysis of p. 295. 


Idy  * Kk x* 
Oy ax -4-3(t-5): - + (143) 
whence x = — 4xs, neglecting «°. 
distance that average is to the right of mode 
ee eee tes (244) 


Ss 


Then area of the curve standing on the base ON, where 
ON = x = 2s, is given by 


Ya yalertr-ile- je 





=F) — = Tx {x — (x — 2) ei} 
= ey ~— st (z), 

where F(z) = val, “¢ ~ 428 dz 

and f(z = pelt (tae, 


These functions are tabulated on p. 271 and p. 303. 

Y= == F(z) + K + xf (z) 
and the whole — from —z to+z, Y , is 2F (z), as in the 
normal curve.* 


* The corresponding formula from the p, g, » hypothesis, using the Euler- 
— $23 
Maclaurin theorem, is 2F(s) + Fz! but when the data are continuous 
sv 22 
the last term drops out. 


ercreeereor 


SUN RAIISGO K KK 
QO * = 4 ‘BAsND maxS 
(84094) 06 [| =f aAsnd [Paso 





‘a9V OL ONIGUODDV SIOOHDS DITANd SINOT ‘Ss 
JO AAVUD HIJA NI NAUCIIHD TOOHIS 40 ONIGNOUD 


Senora nee 


Y¥Ouses AO SAUND MANS SHL JO 31dWVYX3 
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If M is the position of the median we have 


}+areaonMOmY , and } —area on MO = Y" 
i zareaonMO=Y —Y" = e{f(— 2) +f(o)} = Fam. 


The ordinates on the small base OM differ from the ordinate at 


O, viz., we only by terms involving «. 


°. 2MO x ——, when «? is neglected, 


WE ~ 3V an 
and MO = jxs = } (distance from mode to average). . . . (145) 

Let the area on MN, where M is the median and N any point, 
equal the area of the normal curve on ON,, 1.¢., F(**) where 


x, = ON,, and let NN, =», where v, as can be seen in the follow- 
ing analysis, is small and of the order x. 


ON — *y — wv, 
Then 


F(#)= = area on MO + area on (%, — v) 


K I [7% -% 
——— ——— a 
wet aal, . id 


. wet ae (x on aa) : a) 


_z8 
2st 











“pe ve Gr mk watae(t—)e 


where terms of order v?, and v« are neglected. 


: 56-8) 
e°e ~ 6 52 e 


The average, s, and « can be obtained if we know the 
relative number of observations from the lowest to each of 
three positions on the horizontal scale, and if we can assume 
the equation of the frequency curve is that here in question. 

The method is most readily explained if we take a numerical 
example. On p. 309 we have 
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‘Limits of Age. Number of Children. 
oO to 13 years 296 of 3044 
otoI5 ,, 867 ,, ,, 
oto 16 ,, 79090 4, 4 


Let m be the median age, s years the standard deviation, and 
xs* = third moment, all unknown. 

In the figure above let M represent the median age and N the 
age I5 years. 

The area on MN is then -867 — -500 = F (1-112), (p. 271). 

Hence 


x 
ON, =1r1riz==2, 
s 


15 —m =MN =MO +0N,—NN, = as +m — Ics (:-%) 
15 — M = 2,8 + }xSz,2 where 2, = I°II2. 
Similarly 
16 — m = 255 + }xsz,", where z, = 1°866, 
and 
Mm — 13 = 235 — fxS2*, where F(z) = -204 and s, = °536. 
A little consideration will show that the negative sign 


must be taken when N is to the left of M. 
We have now three equations for determining m, s, and «x. 





2 
$xs (2,-£3) + $= $+ 
— ee 
dxs (35-33) + s= 55 a fs 


os xS== "278 S=TI87 x='234 m=13°623 
Average = m ++ 4xs = 13°669. 

(Compare Statistical Journal, 1902, pp. 339 to 348.) 

From moments depending on the whole nine grades, it was 
found that s = 1-190, « = -206, and average = 13-665. 

If the average or median is known, or if the curve is known 
to be normal and « = 0, two observations are sufficient for 
determining the remaining quantities. 
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Notice that the curves representing the first and second 
approximations intersect at x = s¥/3. 

The area of the skew curve standing on MN = the area of 
the normal curve standing on ON when x = + s. 

The excess of the skew curve over the normal curve for 
any distance ON to the right = the defect for the same distance 
to the left. 


7.—Ratio of Unweighted Averages, 


Let M,, M,...Mn be the true measurements of » quantities at 
one time, and M,’, M,’... of similar quantities at another time. 

Let n»m=SM:, Me=m™-+ mm, Sm-=0, nm’ = SM’, Me’ =m' +m’, 
Sm,’ = 0, Nom = Sm’, NOom* = Sm’ 3. 

Let m' =m (1+), Me’ = (1 + @ + &) Ms where Su, = 0, and 


Sm 
ee paa4 


Here # measures the mean of the ratio increases of the 
quantities, and p measures the ratio increase in the mean of 
the quantities. These tend to be equal, if the larger 


quantities are not on the whole subject to the larger 


increases, or conversely. 
Suppose the quantities to be erroneously measured as 
M,(r +¢,) and M,’(1 + ¢,’) etc. Then by formula (70) the standard 


deviations of the errors in m and m’ are 57 mi (x + ze, and 


A 4.4] (x Bcd i , where o and a, are typical of e, and ¢’. 


If the errors in the two sets of measurements are inde- 
pendent of each other, then (by p. 318, formula (63)), 


sta Tlot(x4+5 om) + a8 (x ie 


where s, is the standard deviation of errors in = tein I +p. 


It is frequently the case, however, that the error é;’ in 
the measurement of M’, is of the same sign and not far from 
the same magnitude as ¢, the error in the earlier measurement 
of the corresponding M;. 


Write dt = er’ ~ &. 
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Then if ¢ is the resulting error in the ratio of the averages 


ae (x + e’)} 
m+ = Se ah 
__ 5 tM? (x + e'e)}. SMe — S{Me(z + e@)}.SM’s 
ae + e)}.SMé 
_ ms mS (Mi’er’) — m! . S (Mies) 
m rS (Mat + e)} 


_ 7S (Mu'ds) + S (iM — F’Mied 


— J 


nmm 
neglecting e* and eer’, 
S(Me'de) , S{(tue + 2 — p) Mees} a_ 9 (Mild) S Mette 
ak (ie cae eae aa 


nm m' nm ° 


if 2— p is neglected. 


Hence if sr is the standard deviation of ¢, and og, o the 
standard deviations of d and e, or their weighted standard 
deviations if they are not all from identical frequency curves, 


Ss? = i og? .S (Me?) + ee -o?,S(Mi??), by formula (55). 
Now 
S (Mi’)® = S(m! + my’)*® = n (m'2 + om), 
and S (Meu?) = nmou3 + nom ou? + Sa? (me? — on*) + 2S (mau?), 
where fox? = Su;?, 
= nNoy* (m* + om) + terms which tend to be negligible. 


ri st = od(t+ By) +Z.08.(2 +35). oe, 


approx. . . . . « « (146) 


If ¢,and ¢’ were independent cg? would equal o* + o,?, 
while if e =e,’ etc. og would be zero. Hence og may be 
regarded as between 0 and o V2. 

The magnitude of the second term depends on oy, which 
measures the variation in the rates of increase of the different 
quantities, and is known from the observations. 

Hence if similar errors are made in observations at both 
dates of quantities which increase at nearly the same rates, 
the error in the ratio of the computed averages is small, and, 
if m is great, very small. 
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8.—Ratio of Weighted Averages. 


In the case of weighted averages the formula becomes more 
complex. 

Let Wi = w + w:, and W;’ = w’ + wi’ be any pair of weights at 
the two dates, where w, w’ are the averages of the weights. Write 
now = Swe and noy* = Sw’?. 

Let We’ = Wi (1 + 6 + 1%), where Su: =, and write no,* = Su’. 

Suppose W:(r +») and W¢'(1 +’) to be taken in error for 
W:, W%’, and write o’ for the standard deviation of m. 

S(WA) ,— , _ S(Wi'M?’) 
Sw, Oe Swe 
Other letters have the same meaning as in the previous note. 


Let Meo = 





Required the error in = say ¢. 


Mo’ petiaices S {Wa (x + op’) Me’ (x + e’)} S{We(r + m)} 
hw S{We(r + m)Me(z + es)} ~~ S{We' (x + ’)}? 
and hence, after reduction in which products and squares of yt, ¢ 
are neglected, 
2 ies et ) S(WeMeet) 4 S{We(miw — Me) S{ We (a%to’ —Me')n't} 


nw Mw! NWMw NWMw nw mw 


- (147) 


To obtain approximate results neglect all sums of products, 
where the sum of the factors of one kind is zero. This leads to 
taking %w=m, Mw’ =m', =p, w' =(1+0)w, and to further 
simplifications in the reduction. 

Write ds’ = yt’ — m and oa’ for its standard deviation. 











Tenge S (We ala etl Meut) ee oe a 
S (Ws mide) S(We'Mew) S (Wena) 
sae, nw'm + ~nw'm © a an nom ™ 


Hence approximately 
sf = “(x + -) (1 + gu) og* + — =(r+¢ += oe) (2 oa? 


HGNC OH 


EN HER er ge cs 
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The terms involving o?, og? (which measure the errors in 
the quantities M,) are similar to those when the average is 
unweighted, except for a factor (greater than x and generally 
less than 2) involving weights, and a term involving also the 
small factor o,7 which measures the variation in the change of 
weights. 

Of the three terms involving «’?, o4% (which measure the 
errors in weights) the first and the third contain the factors 


Tm’ ‘ om . ivel 1 : 
(=) and (<2) respectively, which are small when the M’s 





2 
rt 3) which is 
small when the rates of increase of the quantities are nearly 
equal. 

The actual values of all the coefficients of o, o’, og, oa’ can 
be obtained from the observations, and their relative importance 
discovered ;; but we can say without evaluation that when 
quantities little dispersed increase at rates not far from equal, 
errors in weights have little importance as compared with 
equal errors in quantities. 

In such cases a first approximation would be 


eave wey) (t49) 


is not small, a better approximation would be 


are little dispersed, and the second involves ( a 





ia Og 
as 


= Se -al[(z+($) lott Ga) (2+ e)}] - e509 


It is seldom that og, which measures the difference of errors, 
is small compared with one error, though it is likely to be less 
than V'2.c. 

It is advisable to test the coefficients roughly from the 
observations before neglecting terms; and also where there 
are any signs that the neglected products are not small, or 
any of the errors are likely to be specially large, the unabridged 
form (147) should be used. 

(See Statistical Journal, I9gII-12, pp. 81-88, “ Measure- 
ment of the Accuracy of an Average.’’) 





G c® 
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9.—Normality of Standard Deviations of the Errors in Moments, 
etc. | 


[Based on Sheppard’s “ Application of the Theory of 
Error,” Transactions of the Royal Society, Vol. 192, 1898, 
A. 229, pp. 117-128, but with modifications in notation and 
treatment. ] 


In a universe containing N things ~,N are at x,, $,N at x,... 


Pitpet...=1, F=a,py+agpgt+... where @, ay... are 
constants. 
In a selection of » things, m, are found at x, m, at x,..., 


mt+agt...= ° 
Write F+f=a, + ay +.05 


foa,+a,94+—-F(4 4...) B45," 4..., 
where b, = a, — F etc. 
Then Sbept = Sati: — F.SPp = F—F =0 
Sbt*ht = Sar*pe — 2FSath: + F?. Sp: = Sar*fy — F 8, 
Required to find Ms, = mean f*, and to show that its relation to 


M,, = mean /?, is that found in the normal curve of error. 
The expression 


=(pe"* +p¢"* +...)) 


expanded by the multinomial theorem, gives the sum of terms 


stern (ee" “\" (te “\" coy 


subject to the condition »,-+,+...= 
= sum of terms P.e/*, 


where f= 34b,5+4..., 
and P= Tet Bibs oe 


and is the whole chance that the selection m, at %,, mg at %... 
should be made, as may be seen by expanding the multinomial 


(Q:+h,+...)* 
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a? a 
*, E = sum of P(r+of+— ft... +of+t...) 
2 
_—aea +S M+... 


Also E=(Sti-+5 Shir + =, Shep m2 ex cS ea, y 


; h- 
from the expansion of the terms ¢ ™..., where 


Cy = Shep, Cy = Sb'fr..., and Spr=1, Shift =o. 
2 
Y E = (t+ —, Shp + 
Equating the first three coefficients in the two expressions for E. 
My =I, M, =0Q, M, — = Sb? hr. 


. a® a’ - a? a® " 
TE SM te. +O Met.. = (FEM t Sat... 


Now when 1 is large, and M,, 8, Ce Cy are finite, we have, 
n nN ni 


if we neglect Fp . 
2 a a 
a ieee walla den ea 


ee ae ee SMa +. +r (M ) +. 


Hence, in this case, Ms = 0 if s is odd, and M,, = (2é) | 14, 
in the normal curve of error. 

The conditions that oe etc. are finite are similar to those 
in the Edgeworthian analysis on pp. 295 seg., but need con- 
sideration for each case to which the theorem is applied. 

Thus on pp. 419-20 f = x,%e, +%,%e,+. . ., where ¢, Is “4 —?r, 
F = yu, the second moment of the universe from which the 
selection is made, and }, = x,* — py. 

M,= 5 ae — py) = ~ = (M4 — p) 


G= S (at — pte = ~~ Pats + 2,5) 
Cs ue. Hg — 3H4aMHy + 2m," 
nt (uy— ett 
G G* 2 
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Similarly 
& =(M y — 4itgrs + Ou gus? — 3a 
n? 2 


(He — #s")* 


Now if the ratios ms : o4 Ps. .are finite, where o? = = flg, WE 


have that of “4 ... are finite, as was required. 


Hence if the curve of frequency of the universe satisfies 
these conditions, which correspond in fact to a reasonable 
concentration about the average, with no groups of importance 
beyond a small multiple of o, the curve of frequency for the 
errors of the second moment (and of the standard deviation) 
are normal. 

A similar but simpler analysis shows the errors of the 
average have normal frequency (f = x,¢,etc. F =o, b; = %). 

In the case of the analysis of the correlation coefficient 


(Pp. 422) 


any (TO th = 
b= (I a r+4+4) and pt = zt 
Loe (tie _ xt 
M,=5S" (Fy 2X *) - 


———- a ee ees 


M2 "gat" qu? Ma My * 2dp 


ee i “( Ng £ Me Ms, My ay 


Writing \ = 0,2, » = a,2, we have, if " a an / ay a finite for 


C 
all values of s and #, then A = M,} x finite quantity, and higher 


terms can be similarly dealt with as before. 

Hence if the moments and products of the two-dimensional 
frequency distributions satisfy the conditions already described, the 
error curve of the correlation coefficient is normal. 


10.—The Method of Least Squares. 


This is a method that has for a long time been used for 
assigning the values to be taken when there are a number of 
inexact measurements at choice. 

Suppose a quantity s to be related to & unknown constants 
%, %_-..%~ by the equation s = ux, + u%, +... + ue%z, where 
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My, Ug... are quantities that can be observed; and let # sets 
of observations be made giving 


v= = mM ae a Palace qe nes 


= ath n ally, a a thes 
where the 2’s aes u’s are known. 

If n= k, the x’s can be exactly determined. If n<hk, there 
are an infinite number of solutions and the equations are 
indeterminate. 

If n> the equations are in general inconsistent, and the 
problem is to assign values to %,, %,... which minimise the 
inconsistency, which is assumed to be due to imperfect measure- 
ments of the u’s. . 

Write d,, d,,... for the differences between ,2, ,z... and the 
values obtained on true values of %,, x%,..., Say yy » Or 


“ 7 aXe +. + iota — w= = a, 


It is eine that dy, iy. . are errors Pies chances are 
d3 


e **. The assumption 





given by a normal curve P = 
CV 27 


is generally based on demonstrations that under certain 
hypotheses as to the nature of accidental errors this normal 
form is obtained. Whatever may be the validity of these 
hypotheses in physical or geodetical measurements, it is not 
safe to assume that they apply to statistical or biometric 
measurements, whether of deviations from an average or 
errors due to sampling. 

The solution is obtained by finding those values of X,, X,.... 
which make the probability that d,, d, . . . would occur together 
a maximum, that is which make the sum of d,3 + d,? +...a 
minimum. Write f(d,, d,...) for this sum. 


The conditions for a minimum are i =O= = a = ee 


These give 
I 
2° x =S8_, tty (4X, + lgX_g +... — 2) =O 
x wa =S “ty (Xs + tyXq + ++ — et) =0 


"aX, 
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which may be written 


X, -Suy2 + Xq Says +... = Sy? 
XSuy ty + Xq. Sug? +... = Suegz 
XS ue + XgSuguy +... = Sus, 
k equations giving the k quantities X,, X,... 

This method is found in practice to give quite generally 
good empirical values of the unknown quantities. It is used 
above on pp. 239, 240 in its simple form, and a corresponding 
method where the validity can be tested is used on pp. 364-5. 


(See Merriman, Method of Least Squares, and Weld, Theory 
of Errors and Least Squares.) 


11.—Simpler Method of Obtaining Formula (130), p. 429. 
Beginning at the top of p. 428 we may write by the Multi- 
nomial Theorem that the joint chance of finding the errors 
Cy. +e Gt... Gn iS 
N! 


P= 
(my +6)!...(mt+e)!... (mat en) | 

Mm, + ey m+ e4 Mn+ en 

?1 eee Pr eee n e 


Suppose the greatest of the terms m,~! to be negligible, and 
apply Stirling’s formula to the factorials. After reduction we have 


m—&—% 


P=K.n(r+)" 


— +4 
where K~2== (27) 2 (my... 14...) N~. 


Then log (P + K) = — 3(m, + 6+ 4) log(x +) 





=—3im+etH (4-444...) 


mM; me e 0 


2 asa 
= — Se, —~ T + terms of order m, uf 


since é, is of order m,}. 
If terms of order m,"# are negligible, then since Xe, = 0 


a 


é,? 
P= Ke! 7m, 
as in formula (130). 
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The thick line A, A, A, A, A, represents the normal 
curve of error. 

C, G C, is a curve of error with the same unit of 
absciss# as A, A, A,, but with ordinates diminished 
in the ratio 4 to I. 

B. B. B. is a curve of error with both ordinates and 
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(References to footnotes ave indicated thus :—54 Nn.) 


ABSOLUTE Brrors, see Errors 

Abstract, Annual, of Labour Statistics, 
II, 540., 55 0., 163 n., 197 

Statistical, for the United King- 
dom, 11 

Accuracy, 5, 130, 178 seq. 

—— of Comparisons, 193, 326 seq. 

— of Statistics of International 
Trade, 50 n. 

Ages, 26, 107, 128, 130, 235; Dia- 
gram, facing 130 

Agricultural Wages, 75 seq., 84-5, 
86-7, 90 seq 

Arithmetic Avatkee or Mean, 82 seq., 





4 
Frequency Groups, 248, 253 seq. 
Mean Cube of Error of, 287 seq. 
Normal Distribution of, 290, 314- 

15 
Precision of, 312 — 415~-16 
Relative Error in, 183, 319-20 
Relative Error in Ratio of, 186, 
326, 446-7 
Standard Deviation of, 287 seq., 
300-1, 342 n., 418 seq., 452 

Association, 370 
Coefficient of, 370 

Asymmetry, 116; ; see Skewness 

Attributes, 19, 53, 259 seq., 330 seq., 
397 seq., 412 seq. 

Averages, 7, 16, 82 seq. 

Applications of, 117 seq. 
Examples : 
Measurements of Boys, 105 
Train Service, 117 
Wage Statistics, 118 seq., 126 
Graded Data, 85 
as Rates, 83 
Significance of Differences between, 
329 seq. 

—— see Arithmetic Averages, Geo- 
metric Mean, Median, Mode, Mov- 
ing Averages, Weighted Averages 


BERNOULLI’S Laws, at 

Biassed Errors, 190 seq., 

Binomial Expansion (p . are 
Deduction of the Normal Law, 

261 seq., 301 

Birth Rates, 95 

Blank Forms, 15, 23, 24, 28, 39 
Specimens of, 22, 32, 33, 40, 45, 46, 


49 
Block Diagram, 130 
Example: Ages of Married Men, 


130 
Board of Trade Index, 201 seq. 
Bue Association Index-Number, 


206-7 
Budgets of Expenditure, 189, 210 


CARTOGRAMS, I4I 
Census : 
Population, 18, 20 seq., 57 seq., 
128, 281, 313, 402 
Production, 27, 51 
Wage, 12, 30, 32 seq., 70 seq., 
89-90, 103 
Central Difference Formulz, 228-9, 


240-1 
Chance and Experience, 272 seq.; see 
Probability 
Characteristics, 19, 53, 259 seq., 330 
seq., 367 seq., 412 seq. 
Coefficient, of Association, 370 
of Colligation, 370 
of Contingency, 374 
of Correlation, 354 seq. 
ara Deviation of, 422-3, 


Partial “Correlation: 400 
Partial Regression, goo 
of Regression, 362 

Standard Deviation of, 423 
Statistical, 94-5 
of Variation, rr6 


457 


458 


Collection of Material, 14, 15, 18 seq. 
Examples : 
Foreign Trade Statistics, 43 seq. 
French Wage Statistics, 37-8 
Population Census, 20 seq. 
Unofficial Investigation (Liveli- 
hood and Poverty), 39 seq. 
Wage Census, 30 seq. 
Colligation, Coefficient of, 370 
Comparisons of Averages, 193, 326 


seq. 
Ghanaians of Series of Figures, 
149 seq., 172 seq., 378-9; see 
Correlation 
Examples : 
Foreign Trade, 151 seq. 
Marriage Rate and Employment, 
174-5 
Marriage Rate and Foreign 
Trade, 155 seq. 
Marriage Rate and Price of 
Wheat, 155 seq. 
Compensating Fluctuations, 148 
Consumption, Index-Numbers, 212- 
13 
Contingency, 371 seq. 
Coefhcient of, 374 
Correlation, 62, 350 seq., 380 seq. ; see 
Partial and Multiple Correlation 
Examples: 
Heights and Weights of Children, 


385-6 

Imports and Marriage Rates, 
386 seq. 

Infantile Mortality and Popula- 
tion, 381-2 


Occurrences of pairs of digits, 


384-5 

Pairs of totals of letters, 388 
seq.; Diagram, 390 

Selection of digits at random, 381 

Size of herrings and number of 
rings, 383 seq. 

Coefficient of, 354 seq. 
Standard Deviation of, 422-3, 


452 
Normal Correlation Surface, 356 
seq. 
Comparison with Observations, 
391 seq. 
Second Approximation, 396-7 
Ratio, 365 seq., 366 
of Time Series, 155, 342 n., 374 


seq., 386 a 
of Ungraded Variables, 367 seq. 
Variate Difference, 376-7, 388 
Correspondence between Data and 
Formule, 426 seq. 
Cost of Living, 189, 208 seq. 
Curve : 
of Error; see Error 
of Regression, 352 


INDEX 


Curves of Frequency, 247, 343 8¢q.; 
see Error, Curve of 
Logarithmic, 169 seq. 
Subsidiary, 221 
Cycles of Trade, 148, 164 


Data, see Collection of Material and 
Graded Data 

Data and Formule, Correspondence 
between, 426 seq. 

Death Rates, 95, 110 seq. 

Death Rates, Makeham’s Formula, 
348-9 

Deciles, 102; see Examples on 
Averages, Application of 

Demography, 7, 20 

Density, Greatest, 98; see Mode 

Derived Functions and Finite Differ- 
ences, 224-5 

Deviation, 104, IIo; see Mean, 
Quartile, Standard Deviation 

Diagrams: 125 seq.; see List, xi 
Examples : 

Imports and Population, 
seq. 
Revenue Statistics, 143 seq. 

Historical, 142 seq. 
Pictorial, 139-40 

Difference, Mean, rr4; Variate Dif- 
ference Correlation, 376-7, 388 

Differences, see Finite Differences 

Differences between Averages, Signi- 
ficance of, 329 seq. 

Dispersion, 110 seq., 248~9 
Example: Death Rates, 110 seq. 


145 


EARNINGS, 34 seq.; see Wages 
Economist Index-Number, 12, 205-6 
Employment, see Unemployment 
Error, Law and Curve of : 
Applications of the Law of Error, 
312 seq. 
to Sampling, 277 seq. 
Area of Curve, 268 
Deduction of the General Law of 
Error, 291 seq. 

Professor Edgeworth’s proof, 
295 sat 

Proof by the Multinomial 
Theorem, 291 seq. 

Diagram, facing 454 
Examples : 

Comparison of Results of 
Experiments of Chance with 
Normal Distribution, 274 seq. 

Fitting of Normal Curve and 
Second Approximation, 304 
seq., 314-15 

Limited Universe, or Selections not 
Independent, 282 seq., 300 
Limit of Binomial Expansion 

(p + q)®, 261 seq., 301 


INDEX 


Error, Law and Curve of (cont.) : 
Second Approximation, 267, 295, 
302 
Diagram, 443 
Moments and Constants, 441 seq. 
Standard Deviation of Average and 
Standard Deviation, 421 
Table of Areas, Normal Integral, 
271 
Second Approximation, 303 
Error of Mean Square, see Standard 
Deviation 
Error, Probable, see Probable Error 
Error, Absolute, in Weighted Sums 
and Averages, 316-17 
Biassed and Unbiassed, 190 seq., 
199 
Relative, r80 seq., 318 seq., 446 seq. 
Euler-Maclaurin Theorem, 436 seq. 
Examination of Results, 14, 16 
Exports, see Foreign Trade 


FInITE DIFFERENCES, 222 seq. 
and Derived Functions, 224-5 
Fitting of Normal Curve and Second 
Approximation, 304 seq., 314-15 
Fluctuations : 
Compensating, 148; see Periodic 
Fluctuations 
Random, 148 
of a Series in Time, 148-9 
Undulatory, 148 
Force of Mortality, Makeham’s 
formula, 348-9 
Foreign Trade, 43 seq., 132 seq., 145 
seq., I5I seq., 155 seq., 170-1, 173, 
201 seq., 234, 386 seq.; Diagrams, 
facing 134, 146, 152, 155, 171 
Forms of Enquiry, see Blank Forms 
French Wage Census, 37-8 
Frequency Curves, 247, 343 seq.; see 
Error, Curve of 
Frequency Groups, IIo, 246 seq. 
Central Position, 248 
Description of, 248 
Dispersion, 248-9 
Measurement of, 246 seq. 
Symmetry and Asymmetry, 249 


GEOMETRIC MEAN, 107-8, 205 

Goodness of Fit, 426 seq. 

Graded Data, 85, 113, 130, 247 
Sheppard’s Corrections for, 253, 


439 seq. 
Graphic Methods, 125 seq., 378-9 
for pcan tere 219 seq., 231 
Great Numbers, 8 
Law of, 287 seq., 298 
Groups, see Frequency Groups 
Groups, Limits of, 66 


459 


HISTOGRAMS, 130 
Example: Ages of Married Men, 
130 


3 
Historical Diagrams, 142 seq. 


Imports, see Foreign Trade 

Incomes, Pareto’s Law, 346 seq. 

Index-Numbers, 171, 196 seq. 
Board of Trade Index, 202 : 
British Association Index, a ae 
Consumption, 212-13 
Cost of Living, 208 seq. 
Economist Index, 205-6 
Sauerbeck’s, 171, 198, 205-6, 254, 

324 seq. 

Wage Statistics, 213 
Interpolation, 214 v2, 
Example: Rates o 

218 
Algebraic Treatment, 221 seq. 
Numerical Examples, 233 seq. 
Correction of Observations, 237 
Graphic Method, 219 seq., 231 
Periodic Figures, 220—1 
Subsidiary Curves, 221 
Inverse Probability, 409 seq. 


Wages, 215-17, 


Labour Statistics, Annual Abstract of, 
II, 540., 55 0., 163 n., 197 
Lagrange’s Interpolation Formula, 
229, 235-6 
Law of Error, see Error 
Great Numbers, 287 seq., 298 
Small Numbers, 284 seq. 
Least Squares, 137, 239, 364, 452 seq 
Livelihood and Poverty, 10, 39, 402 
Logarithmic Curves, 169 s 
Example : Foreign Trade 
170—I 
Logarithmic Mean, ro7, 205 
Logarithms, Table of, 176-7 


‘tatistics, 


MAKEHAM’S FORMULA, 348-9 

Maps, Statistical, 141 

Marriage-Rate, 95, 156, 174, 338-9, 
386 seq.; Diagrams, facing 155, 


174 
Material, Collection of, 14, 15, 18 seq. 
Maximum Ordinate, see Mode 
Mean Cube Deviation, 249 
of a Sum or Average, 289 
Mean Deviation, rrr, 270 n. 
of Normal Curve, 269 
Mean Difference, rrg 
Mean Square Deviation, see Standard 
Deviation 
Means, see Averages 
Median, ro2 seq. 
Graphic Method, 106, 138-9; Dia- 
grams, facing 106, 138 
Examples : Extract from Railway 
Time-Table, 106-7 


460 


Median (cont.): 
Examples; Ages of Married Men, 
oO 


107 
American Wage Statistics, 138-9 
as Index-Number, 206 
Interpolation of, 227, 236-7 
Method of Least Squares, 137, 239, 
364, 452 Seq. 
Misfit, Test of, 426 
Mode, 95 seq., 139, 248 
Examples: U.S.A. Wage Statistics, 
96 seq., 139 
Heights of Men, 99 
Interpolation of, 228, 237 
Modulus, 252 
Moments, 250 seq. 
Examples : 
Random Selection of Digits, 
256-7 
Right Ascension of the Pole 
tar, 2 


» 255 
Sauerbeck’s Index-Numbers, 254 
Table of Chances, 255 
Weights of Boys, 253 
—— and Constants of Second Ap- 
proximation to the Curve of Error, 
441 seq. 
——of the Correlation Surface, 
361-2 
—— of Normal Curve, 269 
—— Standard Deviation of, 420, 
450 seq. 
Moving Averages, 132 seq., 163 
Example: Exports Statistics, 132 


seq. 
Multinomial Theorem, 292 n.; Proof 
of Law of Error, 291 seq. 
Multiple Correlation, 403 seq. 


NEWTON’S INTERPOLATION FORMULA, 
226, 234 

Normal Correlation Surface, see Corre- 
lation 

Normal Law and Curve of Error, see 
Error, Law and Curve 

Numbers, Great, see Great Numbers 

—— Law of Small, 284 seq. 


OCCUPATION, 27 Seq., 61 
Official Statistics, 10 


PARABOLIC EQUATION, 225, 230—1 
Pareto’s Equation, 346 seq. 
Partial Correlation, 398 seq. 
—— Coefficient, goo 
Examples : 
Constitution of Family and 
Expenditure on Food, 400 seq. 
Constitution of Family and 
Number of Rooms, 402 
Constitution of Family, Income 
and Rent, 402-3 


INDEX 


Partial negreeon Coefficients, 400 
Pearson's Frequency Curves, 344 seq. 
Example: Fitting of Type III, 


310 
—— Test for Goodness of Fit, 427 seq. ; 
Table, Value of X8, 431 

Examples, 432-3 
Percentage, 83 
Misfit, 426 
Percentiles, 02; sée 

Quartiles, Deciles 
Periodic Fluctuations, 148, 159 seq., 

220-1, 339 seq. 

Example : Unemployment, 160 seq. 
Pictorial Diagrams, 139-40 
Population, 25, 145 seq., 381-2 
Census, 18, 20 seq., 57 seq., 128, 

281, 313, 402 
Powers of Integers, 434-5 
Precision of Average, 415-16 
of Standard Deviation, 416~17 
—— of Sums and Averages, 312 seq., 

409 seq. 

Predominant Value, 98; see Mode 

Prices, 65 seq., 171, 198, 201 seq., 
254, 324 Seq. 

Probability, 259 seq. 

Addition of Chances, 261 

Bernoulli’s Laws, 273- 

Deduction of the Normal Law of 

Error, 261 seq. 

Examples, 273 seq. 

Inverse, 409 seq. 

Law of Small Numbers, 284 seq. 

Multiplication of Chances, 260~1 

Standard Deviation and Mean Cube 

of Error of a Sum and Average, 
287 seq., 300~1 
Probable Error, 1r3, 248 
—— of Normal Curve, 270, 272 
Product, Error in, 185, 318 
Production, Census of, 27, 51 
ss Sear Power, see Index-Num- 
ers 





Median, 








QUARTILE DEVIATION, 113; see Prob- 
able Error 

Quartiles, roz2 
Examples, see Averages, Applica- 

tions of 

of Normal Curve, 272 

Quotient, Error in, 185-6, 193, 319, 
326 seq. 


RANDOM FLuctTuatTions, 148 

——— Selection, 259, 278-9 

Rates, 83 

Ratio, of Averages, Error in, 186, 193, 
326, 446-7, 448-9 

—— Correlation, 365 seq., 366 

—— Error in, 185-6, 193, 319, 326 

seq. 





INDEX 


Rectangle Diagrams, 140 
Regression, 352 
efficient of, 362 
Standard Deviation of, 423 
Curve of, 352 
Equation of, 362 seq., 400, 405-6 
see Examples under Correlation 
Partial Regression Coefficient, goo 
Rectilinear, 363 seq.; Diagram, 


Oo 

Relative Errors, see Errors 

Retail Price Index, 208 seq. 

Revenue Statistics, 143 seq.; Dia- 
gram, facing 142 


SAMPLES, 198, 206, 208 
Sampling, Application of the Normal 
aw, 277 seq. 
Examples, 278, 280-1 
Selection by Strata, 332-3, 336-7 
Scale, Choice of, 132, 145-6, 149 
—— Logarithmic, 170 
—— Standard, 153 
Schedules, see Blank Forms 
Series, Correlation of Time, 155, 
342 n., 374 seq., 386 seq.; see Com- 
parison of Series 
Sheppard’s Corrections, 253, 439 seq. 
Significance of Differences between 
Averages, 329 seq. 
Skewness, rz6 seq., 249-50, 251-2, 
253 seq. 
Small Numbers, Law of, 284 seq. 
Smoothing of Curves, 132 seq. 
Examples : 
American Wage Statistics, 138-9 
Exports Statistics, 132 seq. 
Standard Deviation, 112, 249, 251 
of an Average, 287 seq., 300-1, 316, 
342 n., 418 seq., 452 
of Binomial Series, 263-4 
Precision of, 416-17 
Calculation of, 253 seq. 
of Coefficient of Regression, 423 
of Correlation Coefficient, 422-3, 


452 
of Difference, 288 
of Moments, 420, 450 seq. 
of Ratio of Averages, 446 
of Ratio of Weighted Averages, 


448 

of Standard Deviation, 420, 450 
seq. 

of a Sum, 287 seq., 300-1, 316, 


353 
Statistical Abstract for the United 
Kingdom, 11 
Statistical Coefficients, 94-5 
—— Groups, rro 
—— Maps, 141 
Statistics, Definitions of, 3, 7, 82 
——~ Scope of, 3 seq., 17 


461 


Stirling’s Formula, for m!, 435-6 
Subsidiary Curves, 221 
Sum, Error in, 182, 312 seq. 
-—— Mean Cube of Error of, 287-8 
—— of Powers of Integers, 434-5 
——— Standard Deviation of, 287 seq., 
300-1, 353 
Summary, 14, 16 
Example: Wage Statistics, 122-3 
Summation and Integration, Euler- 
Maclaurin Theorem, 436 seq. 
Surface, Correlation, see Correlation 
Symmetry and Asymmetry, see 
Skewness 
—— of Normal Curve, 269 
Systems of Weighting, see Weighting 


TABLES, Logarithms, 176-7 
Integral of Normal Curve of Error, 
271 
Second Approximation of Curve of 
Error, 303 
Value of X3, 431 
Tabulation, 14, 15, 52 seq. 
Examples : 
Changes of Wages, 75 seq. 
Poor Law Returns, 1833, 61 seq. 
Population Census, 57 seq. 
Report on Wholesale Prices 
(American), 65 seq. 
Wage Census, 70 seq. 
Wage Statistics, 122 
of Descriptive Answers, 120 
Example: Working of Over- 
time, I20—1 
Tellers, 4, 23, 24, 28, 31 
Time Series, Correlation of, 155, 
342 0., 374 seq., 386 seq. 
Tvade Unions, Eighth Report on, 60 
Trend, 132 seq., 137, 148, 337 seq. 
Examples: 
Export Statistics, 132 seq. 
Marriage Rates, 338—9 
Recorded Times for the ‘‘ Oaks,” 


338 


UNBIASSED ERRORS, 190 seq., 199 
Undulatory Fluctuations, 148 
Unemployment, 36~7, 160 seq., 174; 
Diagrams, facing 162, 174 
Ungraded Variables, Correlation of, 


367 =e a 
Unit, Definition of, 18 seq. 
Examples : 
Foreign Trade Statistics, 43 seq. 
French Wage Statistics, 37-8 
Income Tax Commission, 19-20 
Population Census, 20 seq. 
Unofficial Investigation (Livels- 
hood and Poverty), 39 seq. 
Wage Census, 30 seq. 
Universe, 277 


462 


Universe with Varying Chances, 
332-3, 330-7 _— 
Unofficial Investigation (Livelihood 

and Poverty), 39 seq. 


VARIATE DIFFERENCE CORRELATION, 
376-7, 388 
Variation, Coefficient of, r76 


WAGE CENSUS, 12, 30, 32 Seq., 70 Seq., 
89-90, 103 

Wages, 30 seq., 63 seq., 84-5, 86-7, 
96 seq., 122, 126, 132, 138-0, 323-4 

—— Changes of, 75 seq., 118 seq., 
188, 197, 213, 215 seq., 327-8; 
Diagram, facing 127 

Wallis’s Theorem for the value of x, 


434 
Weighted Averages, 86 seq., 88; see 
Index-Numbers 
Examples : 
Agricultural Wages, 90 seq. 
Wage Census, 89-90 


INDEX 


Weighted Averages, Absolute Error 
in, 316-17 

Relative Error in, 184-5, 320 

seq. 

Examples : 
Sauerbeck’s Index-Numbers, 324 

seq. 

bila Statistics, 323-4 

Relative Error in Ratio, 186 
seq., 327 seq., 448-9 

Examples : 

Family Budgets, 189 

Wage Statistics, 188, 327-8 

Standard Deviation of, 316 

Weighted Sum, Absolute Error in, 
316 

Standard Deviation of, 316 

Weighting, 87 seq., 202, 206, 209 
Examples : 

Wage Census, 89-90 
Agricultural Wages, go seq. 
Wheat Statistics, 146 seq., 156 seq.; 

Diagram, facing 146 
Wholesale Prices, see Index-Numbers 
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Works by Professor A. L. Bowley, Sc.D. 
Professor of Statistics in the University of London 


An Elementary Manual of Statistics 
Third Edition. Revised. Demy 8vo. 225 pp. 7s. 6d. 


This manual is intended for the use of those who desire some 
knowledge of statistical methods and statistical results without 
going deeply into technicalities or undertaking mathematical 
analysis. It is hoped that it will be of service to all who have 
occasion to use statistics in their own business or profession, or 
who take an intelligent interest in public affairs. 


The Nature @ Purpose of the Measurement 
of Social Phenomena 
Second Edition. Crown 8vo. 250 pp. 5S. 


Economic Fournal.— The book is full of suggestions, both as to the best methods of obtain- 
ing statistics in various fields of inquiry, and as to the uses to which they may legitimately be 
put when obtained.” 
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(IN COLLABORATION) 


The Third Winter of Unemployment 


The results of a Study of the Unemployment Problem 
undertaken during the Autumn of 1922 by PRorFEssor 
A. L. Bow.Ley, PRoressor Henry CLay, MAjor THE 
Hon. J. J. Astor, M.P., B. SEEBoHm RowntreEzE, F. D. 
STUART, P. J. Pyspus, ROBERT GRANT, & W. T. Layton. 


Crown 8vo. 348 pp. 6s. 
(P. S. KING & SON) 


Manchester Guardian.— The conclusions of a committee of business men, statisticians and 
economists who undertook a general inquiry into the problem. . . . Their method was to com- 
bine an analysis of official reports with special inquiries in nine selected areas... . The result is 
a very important survey, which must be taken into serious account by anyone wishing to under- 
stand the problem.” 
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Works by Professor Bowley 


(IN COLLABORATION) 


Is Unemployment Inevitable ? 


An Analysis and a Forecast. A Continuation of the 
Investigations embodied in “The Third Winter of 
Unemployment.” 


Crown 8vo. 8s. 6d. net 
(MACMILLAN & CO.) 


Livelihood and Poverty 


A Study in the Economic Conditions of Working-class 
Households in Northampton, Warrington, Stanley, 
Reading, and Bolton (1915). By A. L. Bowtey, Sc.D., 
and A. R. Burnetr-Hurst, M.Sc. With an Introduc- 
tion by R. H. Tawney, B.A. 


4s. net 
(G. BELL & SONS) 
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Has Poverty Diminished ? 


By Proressor A. L. BowLeEy, Sc.D., and 
Miss M. H. Hoae, M.A. 


Many Statistical Tables. Demy 8vo. 238 pp. 
Cloth. tos. 6d. 


This book is a sequel to “ Livelihood and Poverty,” and con- 
tains the result of investigations made in 1924 into the economic 
conditions of working-class households in various industrial 
towns. 

Westminster Gazette.—“ Nothing can be more aes at the present moment than a per- 
fectly honest and sincere effort at national stocktaking. . . . It is for this reason that the work 
done by Professor Bowley and Miss M. H. Hogg ‘n their 3 new book is so valuable. In a spirit 
of scientific inquiry they have simply re-covered the ground of an investigation during the years 
1912-14, and applying precisely the same rules, have attempted to discover whether we are 
making any headway in the struggle against poverty or not.” 
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BOOKS TO READ 


Current Problems in Finance and Government. 


Addresses and Papers. By Sir Jostan C. Stamp, G.B.E., D.Sc. 
Demy 8vo. 350 pp. Cloth. ros. 6d. 
FROM THE AUTHOR'S PREFACE: 

‘ The studies included in this volume have one feature in common 
—they deal with subjects which remain alive in public interest... . 
Some, by which I set little store, have been included because of 
repeated requests from correspondents; to these I accede on condition 
that other studies, whose message I imagine an unobservant public 
still needs without knowing it, are also accepted by them.” 
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British Incomes and Property. The Application of 
Official Statistics to Economic Problems. By Sm Jostau 
Stamp, G.B.E., D.Sc., Guy Medallist of the Royal Statistical Societ 
and late of the Inland Revenue Department. Second Edition. Wi 
additional Tables from 1914 to 1918. Demy 8vo. 543 pp. 15s. 

Analysis of Official Statistics—Schedule A: Real Property, Income from 

Land, Houses, etc.—Schedule B: Use of Land—Inhabited House Duty— 

Schedule D: Profits from Business—The Taxable Capacity of Ireland—The 

National Capital : Observations on Giffen’s Method—The National Income— 

The Distribution of Income and the Number of Taxpayers. 
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Wealth and Taxable Capacity. Being the Newmarch 
Lectures of 1920-1. By Sir Jostan Stamp, G.B.E., D.Sc. 
Second Edition, With Illustrative Charts. Demy 8vo. 195 pp. 
7s. 6d. 

[In the House of Commons, during the Budget Debate of April, rg22, thes 
book was much referred to.] 


The Times.— Full of interesting matter, and worth the careful consideration of all interested 
in economic and social problems.” 
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Essays in Appiied Economics. By A. C. Picou, M.A., 
Professor of Political Economy in the University of Cambridge. 
Demy 8vo. 198 pp. tos. 6d. 


The Private Use of Money—Employers and Economic Chivalry—Long and 
Short Hirings—Unemployment and the Great Slump—A Minimum Wage for 
Agriculture—Trade Boards and the Cave Committee—Prices and Wages from 
1896-1914—Eugenics and Some Wage Problems—Small Holdings—The Con- 
centration of Population—Some Aspeéts of the Housing Problem—The Report 
of the Royal Commission on the Income Tax—Income Tax and Co-operative 
Societies—The Real Ratio of International Interchange—The Foreign Ex- 
changes—The Exchange Value of Legal Tender Money 
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BOOKS TO READ 


Some Problems of Wages and their Regulation in 


Great Britain Since 1 a 8. ByArranG. B, Fisner, Ph.D., 
of the University of Otago, New Zealand. Demy 8vo. 300 pp. 
Cloth. 125. 6d. 


This study aims at an historical presentation of some of the more 
important wage problems that have arisen since the War, with special 
reference to their interactions with the opinions of the several parties 
to wage negotiations, and to the principles which have been applied 
in each case. 
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The Foreign Exchanges. Being the Newmarch Ledtures 


for 1922-23 delivered by A. W. Fux, C.B., M.A. Illustrated 
by several Diagrams and Charts showing the Course of the Ex- 
changes. Demy 8vo. 200 pp. Cloth. tos. 6d. 

Times Literary Supplement.—“ This book forms a useful introduction to the study of post- 
war exchanges, and concentrates on the actual nature of international exchange, set free from 
the central idea of currency exchange. This imparts a sense of reality to the discussion which 
will be welcomed by the ‘ plain man,’ for whom the book is intended.” 
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The Problem of Estimation. A Seventeenth-century 
Controversy and its Bearing on Modern Statistical 


Questions, especially Index Numbers. By Correa Moy.an 
WatsH. Demy 8vo. 144 pp. 6s. 


The Trade Cycle. An Account of the Causes Producing 


Rhythmical Changes in the Activity of Business. By 
F, Lavincton, M.A., Girdler’s Lecturer in the University of 
Cambridge. Second Edition. Revised and brought up to date. 
Crown 8vo. 113 pp. Cloth. 4s. 6d. 


Scotsman.—“ Well reasoned and instructive throughout, it throws out some practical 
suggestions for checking reckless speculative expansion of business and over-optimistic stimula- 
tion in periods of boom.” 
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bid in the Coal Industry. By J. W. F. Rowe, B.A. 
(Cantab.). Folding Statistical Graphs and Tables. Demy 8vo. 
190 pp. Cloth. 10s. 6d. 


Manchester Guardian.—* Quite the best account of miners’ wages that we have . . . one of 
the most valuable of the numerous recent studies of the coal industry.” 


South Wales Daily Nevos.—“ Vitally necessary for a clear understanding of the problems in- 
volved . . . should be carefully studied by miners and by colliery owners, for it sets before 
them, in a concise manner, the difficulties that have to be confronted in order to solve a 
problem which has caused the nation considerable anxiety for some years.” 
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An Academic Study of Some Money Market and 


Other Statistics. By E. G. Peake, O.B.E., M.A., LL.B. 
Second Edition. Revised and extended. Crown 4to. 100 pp. 
42 Statistical Charts and many Tables. Cloth. 155. 


The general object of this work was to discover facts connected with the variations 
in certain Rates of Interest and Discount on the London Money Market, in the Rates 
of Exchange between London and two foreign centres, Paris and New York, and with 
the relationship between the different Rates. 

Looked at from a broad point of view, the work may be regarded as an attempt 
(a) to measure the effects ol laws which have been arrived at either by the dedudtive 
method or by experience, (4) to increase our knowledge of economic laws by the 
inductive method, a method which, considering the amount of statistical material 
available, has obtained surprisingly few followers. 
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Wealth: A Brief Examination of the Causes of 


Economic Welfare. By Epwin Cannan, M.A., LL.D., Pro- 
fessor of Political Economy in the University of London. Second 
Edition. Tenth Impression. Crown 8vo. 304 pp. Cloth. 6s. 
Chamber of Commerce Fournal.—“ The various chapters deal with the subject-matter of 
economics; the fundamental conditions of wealth; co-operation, or combination and division 
of labour; population; the social order; the controlling power of demand; the division of 
income between owners and workers; the relation between individual income and individual 
wealth ; and the wealth of nations. ... His lucidity of treatment is admirable. . . . His book 
will assuredly secure for itself a prominent and lasting position in the economic literature of 
this country.” 
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Money: Its Connection with Rising and Falling 


Prices. By Epwin Cannan, M.A., LL.D., Professor of Political 
Economy in the University of London, author of ‘“ Wealth,” etc. 
Fourth Edition. Crown 8vo. 106 pp. 35. 6d. 

The latter portion has been entirely re-written and much new matter added. 


The Cambridge Magaztne.—“ There is no more reliable observer of significant events in the 
economic world than Professor Cannan, and the fact that his latest publication is not only an 
analysis but a warning, makes it all the more desirable for the lay reader to familiarize himself 
with the elements of the currency problem.” 


Theories of Production and Distribution. A History 
of the Theories of Produ¢tion and Distribution in 


English Political Economy from 1776-1848. By Epwin 
Cannan, M.A., LL.D., Professor of Political Economy in the 
University of London. Third Edition. Fourth Impression. Demy 8vo. 
422 pp. Cloth. 12s. 6d. 


Glasgow Herald.—*“ Dr. Cannan’s book is indispensable to all serious students of the develop- 
ment of economic theory. . . . By his thorough-going exegesis he has considerably lightened 
the task of the coming economic historian in one important branch of inquiry.” 


The Nation (New York) —“ This work has won wide recognition, and it remains to-day the 
most important contribution ever made to our knowledge of the field which it covers.” 
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